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Calendar year 1979 was another good year for the 
Materials and Molecular Research Division, charac
terized by further consolidation of programs, some 
program growth, and intensive planning for the fu
ture Chemical and Materials Science Laboratory 
Building Project. At the end of 19 79 there were 
affiliated with Jv!MRD 37 faculty senior scientists, 
8 staff senior scientists, 12 associated faculty, 
35 staff scientists, 112 postdoctorals and other 
scientific personnel, 334 graduate students, and 
120 technical, administrative, and clerical support 
staff for a total of 658. At this writing (Feb
ruary, 1980) the FY 1980 operating budget of MMRD 
is $13 million. TI1is represents an increase of 
$2 million from a FY 1979 base of $11 million. It 
is notable that half of this increase is in the 
Basic Energy Sciences, which went up from $9 mil
lion to $10 million, while the other half is in 
Energy Technology areas both within and outside 
the DOE, which increased from $1.6 million to $2.7 
million. All in all, a total of 12 new programs 
have been added, at a total operating level of .4 
million. It is particularly gratifying that, for 
the first time, our Fossil Energy program exceeds 
$1 million in operating funds. During calendar 
1979, 201 journal articles were published by mem
bers of MMRD, and 46 Ph.D and 13 M.S. degrees were 
awarded to MMRD students. 

Three new MMRD activities can be singled out for 
special comment. Their unifying theme is their 
building on expertise already available in Mtv!RD to 
establish a program for which the whole exceeds the 
sum of the parts. Each of these activities thereby 
brings to bear in areas of energy technological 
relevance the skills of outstanding investigators, 
including graduate students, who are affiliated 
with Ml>!RD. In these activities we have thereby 
been able to combine the organizational infrastruc
ture often found in national laboratories with the 
intellectual firepower of an outstanding graduate 
university. The three activities are: 

* The Chemical and Materials Sciences Labora-
tory. This project has at last been funded 
in FY 1980. It will culminate in the con
struction of a laboratory building adjacent 
to Building 62 and comparable in size. This 
building will be specially equipped with 
several state-of-the-art instruments for 
research in surface science and catalysis. 
It will also house laboratories and instru
mentation for the Atomic Resolution Micro
scope facility, while the microscope itself 
will be installed in a tower adjacent to 
Building 72. 

* Coal and Morphology. This program 
is jointly sponsored by the Department of 
Energy's Fossil Energy Division and the Chemi
cal Sciences Division of Basic Energy Sciences 
under the principal investigatorship of Heinz 
Heinemann. A number of components of this 

program are directed by lv~!RD investigators, 
including Robert Bergman, Peter Vollhardt, 
Alan Levy, Gabor Somorjai, James Evans, and 
Alex Bell. This program represents a new 
approach in that it involves collaboration 
between basic and applied sponsoring offices 
in DOE. It could serve as a prototype for 
other programs in which the talents of basic 
researchers are focused on problems of spe
cific interest in energy technologies. 

* Development of Electrochemical Synthesis and 
Energy This program, funded by 
DOE's Division of Energy Storage Systems, 
includes investigators from LBL's Energy and 
Environment Division as well as Jv~!RD. Inves
tigators involved in it include Cnarles 
Tobias, Rolf Muller, John Newman, James Evans, 
Lutgard De Jonghe, and Philip Ross; De Jonghe 
and Ross also play administrative roles in 
the program. In addition to research at LBL, 
this program monitors projects in a number of 
other institutions. Professor Elton Cairns, 
who is an electrochemist in addition to being 
head of the Energy and Environment Division, 
is in charge of this program. 

There have been several changes at the principal 
investigator level. John H. Clark joined Mlv!RD in 
the Fall of 1979. John (a student of C. B. Moore) 
received his Ph.D. at Berkeley and spent two years 
at Los Alamos as an Oppenheimer Fellow. He will 
initiate a research program in picosecond laser 
chemistry. Professor Moshe Rosen is visiting lvlMRD 
from Israel. He is directing the superconducting 
program formerly directed by Milton Pickus. 

Finally, I must report with great regret the 
death of Professor Mitchel Shen on August 7, 1979. 
Professor Shen had just joined l>~!RD and initiated a 
very promising program in polymer synthesis. His 
death is a great loss to the University. 

1\vo conferences were organized by :0~ scientists 
in 1979: 

® cfhe conference on Corrosion/Erosion of Coal 
Conversion Materials was held January 24-26, 
1979 at the Marina Marriott Inn, in Berkeley. 
It was organized by Mr. Alan Levy, and co
sponsored by Mf>ll{D together with the National 
Association of Corrosion Engineers. 

® The Fourth International Conference on Ellip-
sometry was held in the Building 50 Auditorium 
August 20-22, 1979. It was organized by Dr. 
Rolf Muller and sponsored jointly by MJv!RD and 
the Army Research Office. 

Our Annual Program Review was held on February 
11 and 12, 1980. TI1e Review Comnittee, J. S. Waugh, 
Massachusetts Institute of Technology (Chairman); 
R. L. Coble, Massachusetts Institute of Technology; 



M. E. Fine, Northwestern University; S. Liu, Iowa 
State , J. Argonne National 
Laboratory; J. T. Yates, Jr., National Bureau 
of Standards attended the presentation sessions, 
reviewed the Annual Report contributions in 
this publication, talked with our investigators 
and observed their posters displayed in Building 62. 

As a substantial number of honors and 
awards !vliViRD scientists in 1979. A selected 
list appears below: 

" Neil Bartlett was elected to the National 
Academy of Sciences, as a Foreign Associate. 
He is one of three !vliVIRD chemists elected to 
the Academy in 1979, which is probably a 
record for elections to a single institution. 
A total of only five chemists were elected 

Leo B.rewer was elected to the Academy of Arts 
and Sciences. 

" Eugene Commins received the 1979 Distinguished 
Award of the Academic Senate Commit

sponsored by the California 

"' G. Evans won the first Richard !vl. 
Award. 

"' Charles B. Harris was elected a Fellow of the 
American Physical Society. 

"' Yuan T. Lee was elected to the National Acade
of Sciences, the second MMRD chemist on 

list to be so honored. 

"' C. B. Moore presented the introductory lec
ture to the Faraday Discussion of the Chemi
cal Society No. 67. 

"' Sheree llBiao Ru Chen in Professor J. W. 
Morris's group has been announced as the 1980 
winner of the Robert L. Hardy Gold Medal of 
the American Institute of Metallurgical and 

to "a young metallur
outstanding promise." 

"' Donald Olander was appointed Chairman of the 
of Nuclear Engineering. 

"' Pasl< was awarded the 1979 Gold Metal 
of the Societe d'Encourage

ment pour la Recherche et 1' Invention of the 
French of Sciences, 

"' John was selected as the 1980 reclpl-
ent of the F. Meggers Award by the 
Optical Society of America. 

"' Earl Muetterties was awarded a Miller Research 
Professorship for the academic year 1980-81. 

"' Glenn T. who has already received a 
very wide range of awards, had two awards 
established in his name in 1979: one by the 
International Platform Association, entitled 
the Glenn T. Seaberg Award, and one by the 
Alpha Chi Sigma Chapter at UCLA, entitled the 
Gleru1 T. Seaberg Research Award. 
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"' David Shirley was awarded a Miller Research 
Professorship for the academic year 1980-81. 

"' Gabor Somorjai was elected to the National 
Academy of Sciences, the third lVMRD chemist 
on this list to be so honored. 

"' Gareth Thomas was elected a Fellow of The 
Metal Society, American Institute of Metal
lurgical and Mining Engineers. He also re
ceived a first prize in the 1979 American 
Society for Metals Metallographic Exhibit. 

Once more many scientific achievements were re
ported by MMRD investigators in 1979, A somewhat 
eclectic list is given below, abstracted from among 
the many accomplishments that could equally well 
have been listed: 

"' Neil Bartlett ru1d coworkers have synthesized 
conducting graphite salts intercalated with 
germanium fluoride. These salts have the 
formulae C12GeF5 and C12GeF6. They exist in 
equilibrium with gaseous fluorine, thereby 
providing the possibility of constructing an 
electrolytic cell with a potential of 5 volts 
when combined with an alkali metal half cell. 
These salts also provide a convenient means 
for storing gaseous fluorine. 

"' John Clarke and coworkers have conducted a 
magnetotelluric survey of a geothermal field 
at Cerro Prieto in Mexico. They found a high 
resistance region coinciding with a source of 
geothermal activity, bringing one step closer 
the possibility of prospecting with supercon
ducting quantum interference devices. 

"' Kenneth Raymond and coworkers have synthe
sized sequestering agents for tetravalent 
actinide ions which show efficiencies in bio
logical testing ten times as great as those 
of sequestering agents in present clinical 
use. 

"' David Templeton and coworkers have observed 
very large anomalous scattering effects which 
can be used for the study of complicated crys
tal structures, by studying crystals contain
ing rare earth elements with synchrotron 
radiation. 

e Anthony Evans has constructed a quantitative 
framework for predicting creep deformations 
and creep failure, using combined experimental 
and theoretical studies. This development 
should lead to the evolution of Jnore failure
resistant ceramics. 

"' Yuan Lee has reported the first experimental 
observation of a quantum-mechanical dynamic 
resonance in an elementary chemical reaction. 
This effect, based on a Feshbach resonance, 
has been predicted theoretically but never 
before experimentally observed. Lee and co
workers observed the resonance in reactions 
of atomic fluorine with molecular hydrogen to 
form HF and atomic hydrogen. 

This is the last Introduction that I shall write 
as Head of MMRD, a post which I have resigned effec-



tive Jw1e 30, 1980. It has been a duty 
(though at times a demanding one) to serve as Head 
of a Division possessing such an outstanding re
search staff, and to participate in a vicarious way 
in their scientific successes. It is a pleasure to 
acknowledge the assistance and support that I have 
received from all of my fellow investigators includ
ing Assistant Division J-leacl Rolf Muller, Cabor 
Somori ai, Chairman of the Divisional Cmmcil which 
also served as the Divisional Staff Conunittee, all 
the members of this Cow1cil and the Chainnan and 
members of the many other administrative comnittees 
in IvlMRD. I am particularly indebted to two indi
viduals. Mr. Conway Peterson, Division Administra
tor, who with the help of his competent and diligent 
staff has effectively converted the position of Di
vision Head from a potentially onerous and draining 
job to one in which the incwnbent can not only have 
time to address the big issues a scientific 
division but can actually retain some personal sci
entific vitality. Dr. Andrew M. Sessler, Director 
of Lawrence Berkeley Laboratory, has been the ideal 
boss. He has been supportive in times of trouble 
and interactive and creative when opportunities 
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arose to build and strengthen MMRD. It has been a 
great to work with these tvJO men and they 
are in no small measure responsible for the success
es that have come to MMRD in the period 1975-1980. 

Looking back, ~~lRD has evolved steadily, though 
not spectacularly, from a very strong base in HlRD 
and ;,Juclear Chemistry. Some fairly serious prob
lems have been solved, staff has been strengthened, 
and several large interactive programs have been 
put into place. Looking fonvard, there are still 
some unsolved problems (though I hope no large 
ones), but arc certainly overshadowed by very 
strong staff and almost limitless opportw1i ties. 
!-laving used my own creative energies to help de
velop i\11\lRD over the last five years, I shall enjoy 
stepping aside and watching the new ideas and devel
opments that 1vill be brought in by the next Division 
Head. I have served with pleasure and I look for
ward to participating in the Division's future 
activities. 

David A. Shirley 
Division Head 
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A. Metallurgy 

1. Structure of Materials 

a. Microstructure, Properties and Alloy Design: inorganic Materials* 

Gareth Thomas, Investigator 

Alloy Design: Medium Carbon Steels, HEAT TREATMENTS 
"Qua- Tough Alloys" 

Introduction. This continuing program on con
trolling combinations of high strength and good 
toughness has concentrated on optimizing the dis
located lath and stable interlath austenite duplex 
microstructures by controlling composition, heat 
treatment and melting practice. Because of con
siderable interest from the mining industries, 
the wear and corrosion aspects of these steels 
are now under investigation and the results are 
extremely promising, suggesting that stable re
tained austenite is also a significant factor in 
these properties. With the addition of a new 
analytical electron microscope, the problem of 
austenite stability can now be examined in more 
detail. SlUI1l11aries of specific projects follow. 

1. OPTIMIZATION OF Fe/Cr/C BASE STEELS FOR IMPROVED 
~ffiCr~ICAL PROPERTIES (FOR STRUCTURAL APPLICATIONS)t 

M. Sarikaya, B. G. Steinberg, T. H. Rabe, and 
B. V. N. Raot 

The effects of alloying and heat treatments on 
the microstructural changes and strength toughness 
properties were investigated in optimization of 
vacuum-melted Fe/Cr/C base steels. The structure 
of the steels in the as-quenched conditions con
sisted of the desired mixture of highly dislocated 
auto-tempered lath martensite (strong phase) and 
thin continuous firu1s of retained austenite as 
has been shown previously. It is re-emphasized 
that the mechanical properties of the steels are 
sensitive to the amount distribution and stability 
of the retained austenite. To increase the 
stability of retained austenite in the as-quenched 
condition, 2 wt.% Mn or 2 wt.% Ni additions are 
made to the base steel, viz., Fe/3Cr/0. 3C. Partial 
replacement of Cr by 0. 5 cvt.% Mo did not alter the 
beneficial microstructure, but these values of Mo 
addition had no influence on tempered martensite 
embrittlement (~ffi).l 

The steels were subjected to both conventional 
and non-conventional heat treatments (Fig. 1). 
With the latter, even in the as-quenched condition 
the steels had attractive mechanical properties 
(Fig. 2). Double heat treatments, designed for 

work was supported by the Division of 
Materials Sciences, Office of Basic Energy 
Sciences, U. S. Department of Energy. 
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Fig. 1. Schematic illustration of the heat treat-
ments employed. (XBL 7811-6085) 

combining the benefits of high temperature austeni
tization with fine grain size, produced better 
properties. Heat treatment III, double heat treat
ment with intermediate tempering to obtain fine, 
tmiform austenite grain sizes, yielded the best 
combination of strength and toughness (Fig. 2). 
Improvements in the toughness properties were 
attained without deteriorating the strength values 
by tempering at 200°C. Sudden decreases in the 
toughness values upon higher temperature tempering 
were attributed to temper martensite embrittlement 
(~ill) . The present alloys were found to have 
mechanical properties superior to many commeTcially 
available more complex structural steels. 

Economical air-melting practice was applied to 
investigate the effects on structure and mechanical 
properties of these experini'entally designed steels. 
Although tensile properties are not affected by 
the melting practice, air-melting lowers the tough
ness properties, especially in 2Ni containing 
alloys (see Fig. 3) . These can be accounted for 
by a much higher volume fraction of second-phase 
inclusions (sulfides, oxides, nitrides, etc.) in 
the 2Ni alloy compared to the 2/vln alloy. In addi
tion, as shown in the fractograph in Fig. 4, unique 
rib-like coalescence of voids is observed in the 
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Plot of strength, impact touglmess, and 
toughness variations with heat-treatment 
(refer to Fig. 1) in Z~h1 and ZNi quaternary 

to . 3 for alloy compositions). 
(XBL 794-6150) 

2Ni alloy. The quaternary Fe/ 4Cr/2Mn/O. 3 alloy 
has already been shO\vnZ to have excellent combina-
tions of and toughness. It has also very 
high Hence, another part of the 
objective of this ion \vas to tmclerstand 
the behavior of this alloy upon different tempera
ture austenitization and air-cooling (economical 
heat treatments) . Low toughness properties re
sulted after slow cooling. The properties of 
conventionally heat-treated (900°C) specimens arc 
somewhat better than the high temperature austcni-· 
tized specimens. By high temperature austcnitizing 
(ll00°C) , carbides and inclusions arc taken into 
the solution. However, low temperature austeniti-
zation reduces the austenite size and modifies 
the segregation effect by tying up the segregating 

inclusions. Therefore, 
an temperature (l050°C) can be chosen 
for austenitization. After slow cooling, various 
undesirable features appear in the microstructure: 
upper or lower bainite ,,,i th large carbides, dis
continuous retained austenite at the lath bound
aries, microstructural twins, and inclusions as 
well as auto-tempered martensite laths, (see 
5) . 
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Fi_g. 4. of rib-·like fracture (arrows) in 
2Ni alloy as seen in a 300°C tempered CVN smnple. 

(XBB 793- 3308) 



Fig. 5. BF micrograph showing dislocated auto
tempered martensite, upper and lower bainite with 
large spherical carbides in ll00°C heat-treated 
specimen. Also note microstructural twins (in-
dicated by an arrow). (XBB 795-6578) 

* * * 

tBrief version of the following reports: LBL-9260, 
LBL-9103, and LBL-9262. 

'fPermanent address: Analytical Chemistry Depart
ment, Research Laboratory, General Motors Teclmi
cal Center, Warren, !vii 48090. 

l. G. Thomas, Met. Trans. 9A, 331 (1978). 
2. B.V.N. Rao and G. Thoma~ Met. Trans., in press, 
LBL-8064. 

Low Carbon Dual Phase Steels 

Introduction. This program is concerned with 
the effects of composition and heat treatment on 
the strength, fracture and corrosion resistance 
of simple low carbon steels. Although the initial 
motivation for this program came from the need 
to improve strong steels with high fonmbility for 
automobile manufacture, to attain fuel savings 
(and which has been successful, e.g. the patented 
Fe/Si/C steels),l the potential for dual phase 
steels in structural applications is very broad 
indeed, e.g. a new joint program has been initiated 
with Sandia for geothermal applications. 

The current program is concerned with the fol
lowing effects on tensile a'1d fracture properties: 

l. Role of dual phase morphology and transforma
tion path on microstructure-property relations. 

2. Effect of cooling rates from the (cc + y) 
phase field. 

3. Effect of small amounts of alloying elements, 
e.g. , boron on harclenability, and carbide fanners, 
e.g. Mo, Von and ductility. 

4. Grain size effects - especially to improve 
ductility at low temperatures. 
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5. Mechanistic understanding behind the 
empirical "law of mixtures" behavior. 

6. New programs on wear and fatigue (corrosion 
properties already being obtained by cooperation 
with Battelle N.W. and Sandia). Summaries of 
current work follow. 

* * * 

l. J. Y. Koo and G. Thomas, Met. Trans. SA, 525 
(1977), US Patent #4,067,956. 

l. f.1ETALLURGICAL FACTORS CONTROLLING Ilv!PACT 
PROPERTIES OF DUAL- PHASE (DP) STEELs·t· 

J. Y. Koo'r and G. Thomas 

Impact properties have been investigated for 
the alloys in Table l. 

Table l. Alloy compositions (wt. %) 

Alloy number c Cr Si Fe 

l 

2 

3 

0.06 

0.07 

0.07 

0.5 

0.5 

2.0 

Bal. 

Bal. 

Bal. 

Marked differences are developed in the morphol
ogy of the DP structures depending on the amount 
and type of alloying element X present in the 
Fe/X/O.lC ternary system. These are illustrated 
in the optical micrographs, Figs. 1 and 2. As can 
be seen in Fig. 1, martensite particles occur in 
a continuous network along the prior austenite 
grain boundaries with an acicular morphology in 
the interior of the prior austenite grains. In 
sharp contrast, a discontinuous, fibrous morphology 
was developed in the 2% Si-containing DP steel, 
Fig. 2. 

The results of unpact test data are plotted in 
Figs. 3 through 5. Figure 3 shows the impact 
energy curves of the 0. 5Cr DP steels with two 
different volume fractions of martensite. The 
curve with 35% volume fraction of martensite does 
not exhibit a definite DBTT, while the one with 
90% martensite volume fraction apparently does. 
The similar variations of DBTT with volume percent 
martensite in Si-containing DP steels are illus
trated in Fig. 4. The apparent DBTT was lowered 
by increasing volume percent martensite from 30 
to 60% in the case of the 0.5% Si DP alloy, whereas 
the 2% Si steel (alloy #3) showed no apparent DBTT 
and no significant difference in the impact energy 
as the volume percent martensite was varied. 

Figure 5 compares the impact energy curves of 
the DP alloys 1 and 3, both having 35% martensite 
volume fraction. 

The fracture surface of all the broken subsized 
CVN impact specimens, regardless of alloy composi-
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Fig. l. Optical micrograph of DP structute devel-
oped 1n alloy l (Fe/0.5Cr/0.06C). (XBB 778-7550) 

2. Optical micrograph of DP structure devel-
oped in alloy 3 (Fe/2Si/0.07C). (XBB 798-10688) 
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Fig. 5. Comparison of subsize Charpy impact 
properties of the DP alloys 1 and 3, each having 
35% martensite. (XBL 798-6739) 

tion and martensite volume fractions, exhibited 
mainly quasi-cleavage-like morphology, Fig. 6, with 
a small quantity of ductile rupture the proportion 
of which depended on the testing temperature and 
the relative amount of each constituent phase in 
the DP steels. The mode of fracture changed signi
ficantly with the size of the impact specimen. 
Isolated eAlJCriments showed that when standard 
specimens were used, a large proportion of dimpled 
rupture features were associated with the fracture 
appearance. 

From Figs. 1-5, one notes that the impact pro
perties of the DP steels are strongly affected 
by the three major structural factors: morphology 
(shape, size and distribution) of DFJ'vl structure, 
volume fraction of martensite, and toughness 
(carbon content) of the martensite particles. The 
last two factors are correlated to each other since 
the carbon content is a linear function of the 
volume fraction of martensite. 

As the volume fraction decreases, it is expected: 

(l) The cOJmectivity of martensite will decrease, 
thus resulting in better impact properties. 

(2) Concurrently, toughness of the martensite 
will decrease clue to increased carbon en
richment, thereby decreasing impact proper
ties, since the carbon level has a drastic 
effect on reducing notched impact energy 
and DBTT. 

Therefore, for a given morphology of DFJ'vl structures 
the observed effect of vohune fraction on the 
impact properties will be cletennined by the balance 
between the two oppos factors. 

For the O.SCr DP structure tested up to room 
temperature, the energy curve with higher volume 
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Fig. 6. Scanning electron fractographs of broken 
subsized CVN impact specimen of (a) DP alloy 1 
having 90% martensite, and (b) DP alloy 3 
30% martensite. Tested at 0°C. (XBB 788-

fraction (90% ~Is, 0.07 wt.%C in the martensite) 
exhibited better energy, and sh01vecl an 
apparent DBTT, no DBTT \vas present in the 
one with the lower volume fraction ~Is, 0.17 
wt. %C in the This rcsul t may be due 
to the fact that the toughness [actor has an over· 
whelming influence on the notched impact toughness 
compared to the connectivity factors, since in both 
cases the martensite phase was interconnected along 
the prior austenite grain boundaries (l~ig. 1). 

In contrast, the 2% Si DP structure yieJclecl 
essentially iclenticaJ curves for t1vo eli f-
ferent vohune fractions martensite, as is seen 
from Fig. 4. This indicates that toughness and 
connectivity factors cow1terbaJancecl each other 
to result in no v ariati.ons in the curves. The 



indiv iclual martensite icles arc sti 11 separated 
and surrmmcled by the matrix at 6096 marten-
site, the same fibrous morphology as 
that of 30% martensite, thereby resulting in 
identical energy curves for the t11'0 volume frac
tions. On the other hand, the martensite 
in the 0.5% Si DP steel revealed a high 
connectivity at all volume fractions of martensite 
( > 20%). TI1e impact energy curves thus show simi
l~rr behavior to those of 0. 5% Cr DP steels, F 4. 

Silicon is knmm as a very detrimental alloying 
element in loHering toughness properties 
in carbon steels. Nevertheless, the impact proper
ties of 2% Si DP steel are as good as those of 0.5% 
Si DP steel at 35% martensite volume fraction. 
This indicates that the cOJmectivity of martensite 
constituents at a given vohune fraction is an 
important factor in controlling impact properties, 
as can also be seen from F . 5. In general, it 
appears from the present that the toughness 
or carbon content in the martensite is the 
most parameter in detennining impact 
touglmess, as has also been substantiated by Yow1g.l 
It is therefore essential to limit the initial 
carbon content in the to less than 0. l wt.% 
for impact toughness and tensile proper-
ties The influence of the prior austenite 
size and inteT}Jarticle spacing on the impact pro
perties of DP alloys is being investigated, and 
the results will be presented in a subsequent paper. 

* * * 

·:·Brief version of LBL- 9535; to be published in 
.Scripta Met. 

i·Rutgers University, New Bruns~Yick, N.J. 
l. M. J. Young, ill.S. thesis, LBL-6620. 
2. J. Y. Koo and G. Thomas, "Fonnable HSLl\ and 
Dual-Phase Steels," A. T. Davenport, Eel., Proc. 
AilVIE, New York, N.Y., (1979) p. 42. 
3. G. Thomas and J. Y. Koo, Proc. AiillE Symposium 
on Fonnable Dual Phase Steels, New Orleans, 1979, 
in press; LBL-8650. 

2. EFFECTS OF li!ORPHOLOGY ON THE li[~CHA\JICAL PROPER
TIES OF DUAL PHASE Fe/Si/C STEELS' 

N. J. Kim ancl C. Thomas 

Although most of the alloy design 
for optimcun combinations of tensile 
elongation ductility have already been documented, 
there is a very important question which must be 
answered, viz., 1vh2t is the effect of morphology 
on the mechanical properties of dual phase steels. 
Thus the objective of this invest is to 

these points. 

A coarse chml phase 
by continuously 

structure which was obtained 
in the two phase range 
resulted in very poor 

case, a somewhat 
from the austenite range 
ductility 1). In 
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Fig. 1. Strength and elongation values vs. volume 
fraction of martensite in Fe/2Si/.1C steels. 

(XBL 792-5702) 

surprlslng observation was that premature failure 
occurs by the initiation of cracks in the ferrite 

2). However, upon obtaining fine, fibrous 
phase structures by armealing the martensitic 

structure in the t1vo phase range, there was a signi · 
ficant improvement in ductility without much de
crease in strength (Fig. l) and no evidence of 
premature crack fonnation w2s found (Fig. 3). 
There are many factors which affect the mechanical 
behavior of dual steels: 1) morphology, 
2) of and martensite; 3) volume 
fraction of martensite. By careful TE/v! and STEM
x-ray microanalysis studies it was found that there 
were no rem2rkable differences in the substructures 
and silicon distribution in both cases. So, dif
ferences in mechanical properties 2re mainly due 
to the different morphologies in both cases. From 
a continucun mechanics point of view, coarse micro
structures c2use more severe inhomogeneous strain 
distribution and restrict initial plastic flow 
to a smaller fraction of the total volLune of fer
rite matrix, which in turn causes premature crack 
formati.on in the [errite matrix. 

* * * 

·!Brief version of LBL-10457. 
1 . J. Y. Koo and G. Thomas, Proc. AIIIIE Symposium, 
"Fonnable !-ISLA and Dual Phase Steels," A. T. 
Davenport, Eel., The Metall. Soc. AHIE (1979) pp. 
40-55; LBL-6995. 



rntal etch 1,1 "martens1te reg ton F · ferrtte regton 

0.1 02 0.3 
WT%C 

13 

Fig. 2. Scanning electron micTogTaph of step-quenched Fc/2Si/0.1C dual phase stTucture 
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3. MECHANICAL PROPERTIES Al'ID fv!ICROSTRUCrURES OF 
DUAL PI-lASE STEELS CONTAINING SILICON, ALUMINUM, 
AND fv!OLYBDENUM·i 

T. O'Neil and G. Thomas 

This investigation concerning the heat treatment 
of dual phase alloys containing silicon, alumimnn, 
and molybdenum has been aimed at investigating 
the properties and microstructures of similar 
alloys, thus adding to the present understanding 
of dual phase steels. Aluminum, molybdenum and 
silicon all broaden the (cx+y) field when added 
to the Fe-C system. This facilitates practical 
control of the volume fraction and composition of 
the martensite produced. The summary of the ten
sile data of these alloys which are intermediately 
quenched are shown in Fig. l with other alloys 
investigated so far. All these alloys show supe
rior tensile properties to commercial HSLA steels. 

0 
0 

0 

Fe-.1 C-2 Si 
Fe·.07C-.94 Mo 
Fe·.075C·.6 Si-.94 ~~o 
Fe-.OGC-.93 AI 

o Fe·.065C-.42 Si-.93Al 
Fe·.l5C-1.95Si-.38 Mo 
Fe·.ll C·l.45Si·.034 Nb • 

<> 0 

0 

TOTAL ELONGATION (%) 

500 

0 
(L 

"' 

Fig. l. Strength vs. total elongation for various 
alloys previously studied at the University of 
California, Berkeley. Each symbol of the same 
alloy reflects a different volune fraction of 
martensite. (XBL 7812-6281) 
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In the case of the Fe/Al/C alloy, a 20% increase 
in volune fraction of martensite from 20% to 40% 
has no substantial effect on either strength or 
cluctili. ty. Detailed examination by TEM and STEtvl 
has sh01m that this unusual behavior is clue to a 
fine clispers ion of (Fig. 2) . The 

Fig. 2. High magnification micrograph of rods 
within the ferrite of the Fe/C/Al steels. These 
particles are thought to be AlN. (XBB 793- 3332) 

density of precipitates was greater in the ferrite 
than martensite presunably because ferrite has 
a high solubility for Al. This is confirmed by 
the x-ray microanalysis of Fig. 3. Furthermore, 
the precipitate density is expected to be higher 
in the ferrite with 20% martensite than that in 
the 40% martensite alloy since in the former case 
there is greater interstitial solubility. The 
presence of such precipitates in the ferrite will 
1ncrease the strength of ferrite, and simultaneous
ly lower ductility. Therefore, the strength in-
crement through the increase in volume 
fraction martensite hy 20% will be balanced 
with a loss in strength of ferrite clue to the re
duced density of precipitates in alloy A containing 
40% martensite. These findings are important in 
the practical sense that the reproducibility of 
such properttes will be excellent with a wide 
flexibility of heat treatments available. 

* * * 

-!-Brief version of LBL-9047. 
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Fig. 3. Dual phase steel containing 1 wt.% aluminum; aluminum concentration profile in ferrite 
and martensite. The inset is a microgra;Jh of an austenite/martensite interface. Points P1 to P4 
are average concentrations of Al in ferrite and martensite, respectively. Points P3 and P4 were 
obtained using a 400 A probe on either sides of the F/M interface. (XBB 795-7070) 

'i. DESIGN OF DUAL PI-lASE STEELS WITI-l CARBIDE 
FOR!v1ING ELE/YlEl'rrst 

P. K. Costello and G. Thomas 

As part of a continuing program aimed at under
standing the microstructure-property relationships 
in dual phase steels, Fe/Si/C steels with carbide 
forming elements such as Mo, Nb have been investi
gated. 

As shmvn in Table 1, the yield strength de
creases with increasing volume fraction of marten
site and this represents an anomaly in the usual 
"law of mixtures" behavior. Detailed analysis 
by TEivl shows that this is due to precipitates in 
the ferrite. The precipitate in the system is a 
carbide, perhaps t: or M3C. When the martensite 
volume fraction is increased by raising the hold
ing temperature in the (cx+y) field, carbon content 
decreases. The higher yield strengths of these 
alloys with 20% martensite compared to those with 

40% martensite is to be due to a greater 
density of carbide in the region in the 
former case. This is so because the yield strength 
of dual phase steels is primarily detennined by 
the flow strength of ferrite. Thus, it should be 
emphasized that the properties of ferrite are as 
important an influence on the mechanical properties 
as are the strength and volume fraction of marten
site. Also, alloys which are continuously air
cooled from austenite region exhibited superior eT 
and values. The er and values ranged from 
32- and 18-20%, The U.T.S. values 
extended from 84- 91 Y. S. values ranged 
from SS-69 ksi. These alloys contnin ite 
and bainite as a second phase instead of martensite. 
This process appenrs to be an attractive one for 
potential technical applicntions. 

·}.: * * 

tBrief version of LBL-8628. 
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Table l. Tensile 

Specimen Ileat vm 
Designation Treatment (%) 

DUPLEX TREATI\['l\I1'S: 

All 40 
en Intennecli.ate 40 
A12 Quench 20 
Cl2 20 

A13 40 
C13 Intermediate 40 
A33 air cool 20 
C33 20 

NOl\1\li\J.I ZINC; TREAT!IIENT: 

A31 continuous air 
C:)1 cooling from (y) 

DIRECT i\1\INEALJNG TREAT!vlENTS: 

A32 continuous air 
C32 cooling from 

(o+y) 

i\42 Quenching 20 
C42 from (u+y) 20 

A Pe/0.15 C/1.45 Si/0.38 Mo 
c Fe/0.1'1 C/1.45 Si/0.034 Nb 

Phase Transitions 

1. tvlORPI IOLOGY AND CRYSTAUDGRAPHY OF lJ\TH 
MARTENSITES~ l 

M. 
§ 

, J3 • V. N . Rao , and G. Thomas 

U.T.S. 
(ksi) 

129.1 
130.2 
126.2 
121.0 

137.9 
134.7 
111.3 
122.6 

90.8 
84.8 

78.3 
76.6 

135.8 
133.7 

Martensites in ferrous alloys have two 
types of morphology: twinned plate martensite and 
dis located lath martensite. The fo1111er is usually 
associated 1vith steels of C content greater than 
about 0.4 wt.%, while the latter is found in steels 
containing less than this amount of carbon with 
a total alloy content such that the bulk Ms tempera
ture is not lower than 250°C. The morphology and 

of plate martensite occmTing in 
alloy concentrations have been well 

and are now well understood.l,Z However, 
the same is not true for lath martensites occurring 
in more important low alloy steels. 
As a result of the detection of retained austenite 
in these steels, it has been shmm that direct 
crystallographic on austenite serves to 
understand the lath martensite transfollllation more 
clear1y.3,4 This cct is mainly concerned with 
a detailed electron and microscopy 
examination of lath martensite in com1ection with 
retained austenite in mecliun and low C steels. 

test sumnary. 

Y.S. e~ eu R.A. U.T.S./Y.S. 
(ksi) (% (%) (%) 

,,_, __ ~-~~-~-~-~-~---~ 

76.6 16.3 12.2 23.7 1.7 
80.9 19.5 l3.9 ~)3. 1 1.6 
87. 8 12.3 10.0 21.2 l. Lj 

88.4 19.7 12.9 46.1 1.4 

89.8 7.5 7.0 l .l. 4 1.5 
85.2 10.8 9.8 20.3 1.6 
81.5 7.7 7.3 8.0 1.4 
87.7 7. 7 7.4 7.5 1.4 

68.6 33.4 19.5 63.5 1.3 
55.1 3:). 0 18.0 56.7 1.5 

54.3 34.1 20.8 68.9 1.4 
53.0 46.10 22.3 65.8 1.4 

77.8 12.5 9.5 29.8 1.7 
79.1 16.9 13.4 40.9 1.7 

--~-------~-~-~-

-:~----= 

The strain created the austenite to mar--
tensite transfonnation is two fold: (1) shape 
strain clue to primary shear (homogeneous shear), 
and (2) dilatational strain primarily controlled 
by C in solution. The overall strain energy can 
be minimized by the cooperative nucleation of ad
jacent laths. Thus, orientations of adjacent laths 
change such that a 180° rotation is accomplished 
by a group of laths. Retained austenite is then 

between these laths and lt is highly de
fonned to accomnodate part of the strain. 

Analysis of 
cent laths 
meclitan C 
in 1. 

the relative orientation of aclja
was performed in low and 

(Table J) . A sample set is 

Table 1. s of alloys used. 

Alloy 

10 

20 

5 

6 

Nominal Composition 

Fe/2Si/0.1C 

Fe/0. 5~h1/0. 2C/ ... 

Pe/3Cr/0. 5Mo/Zilhl/0. 3C 

Fe/3Cr/0.5Mo/2Ni/0.3C 

1150 

400 

320 

340 
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ooT 

LATH REGION ROTATION 
From 

I 
2 
3 
4 
5 
6 
7 

(c) 8 
9 

Fig. r. Detailed analysis 
steel (Alloy 10). (a) BF, 
(c) stcreogTaphic 
makes 2. 7 1T rotation. 

To degrees 

2 5150 
3 26.52 
4 5150 
5 50.48 
6 129.52 
7 50.48 
8 51.50 
9 26.52 

10 51.50 

489.52 TOTAL 

of orientation of adjacent 10 lachs in 1040 
(b) DF, from an austenite reflection, and 

shmving rotation. Reference shear vector 
[ (a)&(b) XBB 799-11464; (c) XBL 799-7016) 



In most cases (l1 O)r.1 remains parallel in a given 
This indicates that the laths are sepa

rated by (110)~! rotation bmmdaries [e.g., Fig. l(a), 
(b)]. In few instances (l12hr rotation axis have 
also been observed. It is ass tuned that the shear 
vector undergoes a , but not random, 
rotation to mmlln1ze the shape defonnation. Hence, 
stereographic analysis of the lath orientations 
can be made [e.g., Fig. lc]. Martensite laths in 
a certain packet are not necessarily from a single 
variant of austenite; may have different vari-
ants. 

In the steels studied successive laths are sepa
rated in varying degrees. Lowering the C content 
decreases the dilational strain, and hence during 
transfonnation less acconunodation of shape strain 
is nc:;cessary. Therefore, a higher ntunber, n, of 
laths contribute:; to complete the n-rotation. The 
ntunber ''n'' decreases as the C content increases, 
(Fig. 2a) . The minimtun value of "n" is equal to 
2, when laths are twin-related (Fig. 3). Further
more, at lower C contents, shear takes place over 
a broader thicl<.ness of the laths. Consequently, 
the lath width increases as C content decreases, 
(Fig. 2b) . 

Retained austenite in the form of thin films 
around the lath boundaries is always present, even 
in very low C steels (Figs. 1 and 3). This phase 
is absent at those lath boundaries where the adja
cent lath orientation corresponds to a twin rela-

0 0.1 0.2 0.3 0.4 0.5 

C% 
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tion (Fig. 3). Both Kurdjtunov-Sachs (K-S) and 
Nishiyama-WassermaJ1 (N-lV) orientation relationships 
were found to be obeyed in the same packet between 
retained austenite and adjacent laths, (Fig. 3). 
The relationships are: (llOhr/ I (ill) A and 
[Q01lM//[ll0]A for N-W and (llOhr//(lll)A and 
[lll]jvj//[llO]A for K-S. 

Current Work. The critical problem here is 
the question of lath orientation detennination. 
Spot pattern analysis is not unique hence the model 
described above is still highly speculative.4 
Current work utilizing microdiffraction and 
experiments should help to sort out some of the 
ambiguities. Also TEM-STEM microanalysis is 
performed to study such factors as chemical 
zation of austenite. 

* * * 

t fPartially supported by NSF. 
§Brief version of LBL-9054. 
Permanent address: Analytical Chemistry Depart
ment, Research Laboratory, General Motors Teclmical 
Center, Warren, MI 48090. 

l. C. M. Wayman, Metallurgy 8 lOS (1975). 
2. G. Thomas, Iron and Intl. , 451 (1973). 
3. B. V. N. Rao and G. Thomas~~let. Trans. 
to be published. 
4. B. V. N. Rao and G. Thomas, ICOMAT 5, in press, 
LBL9058. 
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Fig. 2(a) Graph showing "lath width" vs. carbon content. (b) Graph "n," the 
number of laths to complete n-rotation vs. C-content. 

[(a) XBL 796-6418; (b) XBL 796-6417] 
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Fig. 1. BF (a), SAD (b), and DF (c) of Fe/3Cr/0.5Mo/2Ni/0.3C steel revealing 
the continuous films of retained austen1te. SAD pattern shows [111] and [001] 
martensite onentations and a single [ 110] austenite orientation_ 

Retained austenite has been identified 
111 low and medium Carbon Steels with the 
bulk Ms and Mf temperatures well above 
room temperature. The present work inves
tigates the crystallography and stability of 
this by using TEM techniques. 

were high temperature austeni
tized (1100°C) and then quenched in oil. 
Foils were electropolished in chromacedic 
solution (75 gr Cr03 + 400 ml CH3 - COOH 
+21 ml H20) at room temperature and were 
observed in the as quenched condition. 

Fig. 1 presents an example of contin
uous interlath films of retained austenite 
in a medium C (0.3 w/o) steel. Both the 
existence as well as the nature of the habit 
plane for lath martensite transformaions 
have not yet been clearly established. In 
this work, the laths are characterized by 
fairly straight boundaries (Fig. 2). From the 
direct crystallographic analysis on the 
retained austenite, the habit plane for the 
transformation was identified as j111} A. 
Both Kurdjumov-Sachs (K-S) and 

Nishiyama-Wasserman (N-W) orientation 
relations were observed. In addit1on, both 
relations were found to alternate within the 
same packet (Fig. 1-b). This can be explained 
as follows: that if the transformation is 
nucleation limited, then it can be a1ded it 
there are a large number of variants avail
able for martensite nuc!eatJOn. As shown in 
Fig. 3, the number of onentations for nuclea
tion increases from two for purely K-S to 
three for combined K-S and N--W, i.e, a 50% 
gam in nucleation f!ex1bility. 

The variation in the amount 
of austenite in a given speclmen 
was attributed to the relative orientations of 
adjacent laths in stabilizing the austenite. 
It has been reported that a group of laths 
(3 to 5) in the same packet are so oriented 
with respect to each other such that a refer
ence shear vector undergoes rr-rotation. 
In such a group, th1s results in the mmimi
zation of overall shape deformat1on and 1ts 
accommodation over the laths. !t is also 
possible that adjacent laths are twin related. 

Fig. 2. BF (a) and DF (b) of Fe/2Si/0.1C steel showing straight, parallel laths and 
extensive amount of retained austenite. 

F1g. 3. Stereographic illustra
tion of succesive lath rotations 
1n a packet assuming both K-S 
and N-W relations are obeyed 
(Path 1 ). Path 2 corresponds 
to adjacent twin related laths. 

In this case, rr-rotation is performed in a 
single step. In Fig. 1, the combination of 
ad;acent lath orientations rs ( 111) M and 
(100)M. Hence, laths are rotated 
by abou1 55° This far less than the 180" 
necessary to achieve sufficient accommo
dation of strain. The surrounding 

1-c and 2-b), therefore, 
undergo ""<'""~"""" to provide the neces
sary accommodation, and hence, are me
chanica!:y stabilized. However, in Fig. 4 in 
central packet B the laths (1 through 5) are 
tw1n related. For j110}M (111 )M twinning 
shear in the [ 111 J orientation identical 
SAD patterns are obtained from the matrix 
and the twins (Fig. 4-SAD patterns). Hence, 
these laths are selt accommodating. There
fore. no retained austenite is present in this 
region. In the same figure, in packets A and 
C, surrounding the central packet B, the 
laths are not twin-related. indeed, detailed 
analysis of laths in these packets shows the 
presence of interlath retained austenite. 

Class 4- Transmission Electron Microscopy 

Fig. 4. BF and corresponding SAD 
patterns revealing the adjacent twin
related laths in a packet martensite 
of Fe/3Cr/0.5Mo/2Mn/0.3C steel. 

Fig. 3. Distribution of retained austenite in the steel. (XBB 7911-14671) 



2. DETERMINATION OF LOCAL HYDROGEN CONCENTRATION 
USING COLD STAGE ELECfRON !IUCROSCOPY-~-'f 

U. Dahmen 

At room temperature, most transition metals 
have a high solubility for hydrogen. In tantalun 
for excunplc up to 40 at wt.% hydrogen can be held 
in interstitial solution without any direct micro
structural effects. I!owever, as is well lmmm, 
such hydrogen solute may cause severe embrittlement 
of the material clue to solid solution hardening 
or stress-induced fonnation of hydrides at crack 
tips. 

In a recent publication, it was detennined that 
only minute 3Jnotmts of hydrogen on the order of 
10 parts per mill ion arc introduced into tantallm1 
by chemical or electrochemical surface treatment.l 
Since it is likely that this hydrogen enrichment 
is concentrated near the surfaces, the effect was 
investigated in thin foils of tantalum n1''~'""'""' 
by chemical thinning in a mixture of 

20 

1 shows the result of an in-situ cooling 
on such a foil. The top row of dif-

' taken at room temperature 1s 
t}1}ical pure tantalum. This tilt 
series shmvs that no hydrides were present. How
ever, upon cooling the foil to liquid nitrogen 
temperature, extra spots appeared in the diffrac
tion patterns (sec arrows in central spot 
These extra spots originated from hydride precipi
tates such as the one shown in the two micrographs 
in the Upon re-heating the precipitates 
dissolve at a temperature of 30°C, leaving an 
undistortecl matrix diffraction pattern with no 
extra spots (bottom spot pattern). Using the 1vell
established solubility data for hydrogen in tan
talum,2,3 this solution temperature corresponds 
to a hydrogen concentration of ~sat.%. Thus it 
has been shown that even though the overall concen
tration of hydrogen introduced by chemical surface 
treatment is low, a very high concentration can 
result ncar the surfaces, exceeding the average 
bulk concentration by more than three orders of 
magnitude. 

Fig. 1. In-situ cooling experiment on pure Ta-foil thinned chemically at 0°C. Top 
row of diffraction patterns: no hydride ordering is present at room temperature. 
Micrographs and center diffraction pattern: precipitation of hydride upon cooling 
to liquid nitrogen temperature. Bottom diffraction pattern: after dissolution of 
the hydride upon heating to room temperature. (XBB 782-1387) 
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Refractory Ceramics 

This effort has been divided 
developing new state-of-the

art analytical instrumentation for cercun:ics re-
search and applying the new to signifi 
cant ceramic problems, and on the manu-
facture ancl properties of ceramics and 
glasses. 

1. 
+ 

TilE CRYSTALLIZATION Of OXYNITRIDE GLASSES 

T. M. Shmv 

The importance of residual glassy 
-·based ceramics has been 

men ted, but little is kn01vn about the intrinsic 
of the glass. Therefore the 

behavior of OA')TJli tridc composi-
tions similar to that of the nitride 
res i.dual has been characterized. 

Glasses in the SiOz-SizNz-illgSi03 compatibility 
with contents of up to 5 at.% 

nitrogen were prepared in cooperation with Dr. R. 
Loehman of Stanford Research Institute. Good glass 
[onnation was found to be restricted to a narrow 
range of composit.ions near the SiOz-MgSi03 eutectic 
composition. Transmission electron microscopy 
sh01ved that the milky of the as-made 
glasses was caused by into ~lg- rich 
ancl Si-ri.ch glassy phases 

The ization behavior of a glass with a 
compositi.on of :52 wt.% MgO, 59 wt.% SiOz, and 
9 wt.% S was investigated in detail using dif-
ferentiaL thcnnal analysis, x-ray c1 i ffraction and 

and cl cctron microscopy. The \Vas 
to have a glass transition temperature of 

about 830°C. Isothermal heat treatment from 1000°C-
l350 oc: of the the 
to enstatite a 2 hours. The Si-
rcmainccl uncrystallized in the bulk of 
after all heat treatments. Optical and electron 
microscopy showed that the lllg-rich phase crystal
] izcll by internal nucleation and growth of 
lites of ~\bout SO pm diameter. The 

tcs consisted of fan-like arrangements of 
shaped clinocnstatitc several microns 

and ·J 000 A thick, misaligned with 
respect to each other. No 
phases \I'Crc detected by x-ray 

lization heat treatments, h01vcver, 
1 number of very fine at 

bct1,•cen enstatite grains. 
been tentatively identified as SizNzO. 
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heat treatments were also tried and were 
fow1el to produce a cons iclcrab 1 y finer ( -o 3 )Un) 
spherulitic microstructure. 

These results sh01v that can 
exhibit many features associated with cercunic 
fonnation, i.e., phase separation, internal crystal
lization, and response to two-stage heat-treatments 
for controlling the microstructure. The fmlnation 
of grain bow1elaries SizNzO in this 
also suggests that ceramics may 
be developed by ide 

Some applications of this 
system arc described below. 

* * * 
t Partially supported by NSI'. 

2. C J\ND B IN SINTERED Sic'+ 

M. F. Sung and 0. L. Krivanek 

The solid-state diffusion sintcring of SiC and 
C and B additions is still not completely under
stood, partly because the role of the additives, 
and their distribution in the finished SiC and 
during sintering is still not clear. SiC sintered 
with 1 wt.% B 1 wt.% C has been studied by 
high-resolution scanning Auger microanalysis, and 
more recently by EELS. C is fow1d at internal 
voids, which confinns its role as a surface-oxidant. 
B is mostly concentrated in boron carbide inclu
sions. EELS has detected a slight B enrichnent 
of grain boundaries, but the amount c~z%) is very 
close to the present sensitivity l:ilnit of the 
technique E.l), and quantitative software 
is needed to confinn this rcsul t. 

* * * 

. Supported by NSF. 
·tBricf version of LBL- 925 7. 

Analytical Microscopy 

1. DEVELOPtvlENT OF Ei\lERGY LOSS SPECTROSCOPY t 

0. L. Krivanek 

Electron energy loss spectroscopy is a tech
nique with promising applications in physics 1 
materials science,2 biology,3 and other 
Commercially built spectrometers arc however still 
far from An energy loss spectrometer 
of the magnetic type, '5 with a l 0 em bending 
radius and 90° degree deflection has therefore 
been designed and built at Bcrkeley.6 It combines 
several new design features, small physical size, 
good energy resolution, excellent flexibility of 
operation. 

The spectrometer (Fig. 1) was designed for a 
Philips 400 electron microscope. The spectrometer 
magnet is asynnnetric. The entrance focal plane 
is located 51 em away from the magnet entrance 

, at the projector lens crossover where the 
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. l. Spectrometer cross section. (XBL 7 92-5 7 4 7) 

P400 has a 200 pm differential pumping aperture. 
The exit vertical and horizontal focussing planes 
are estimated to be 7. 8 on and 11. 2 em a1vay from 
the exit plane of the magnet. The magnet pole
plates have three mechanical of freedom 
for optimun adjustment, and Ei = 31° and Eo = 0°. 
At present edged poleplatcs arc used, but 
the allows for an easy changeover of pole-
plate geometry. The energy loss spectra dispersion 
is about l pm/eV at 120 kV. 

The detection chamber is attached to the elec
tron drift tube via a welded bellows which allows 
±2. 5 on of travel for exact location of the focal 
plane. Because of the small of the 
magnet, the selecting slit had to be made 
with better than ion to allow l eV 
resolution. A 
was therefore devised in which is made 
from two polished blocks of Ge by a 50 )JJH 

thick sheet of A slice is cut at 45 o from 
this "sandwich, thinned to 40 pm, and polished 
to optical flatness on both sides. It is then 
glued over an aperture in a lllo support , and 
the glass is etched out in H:F. The 50 )Jm 
wide slit (Fig. 2), is mounted on a rotor, which 
2llmvs the slit's proj ccted width to be varied 

and reproducibly. Fixed slits in front 
and behind the moveable slit eliminate electrons 
scattered from the electron drift tube and the 
moveable slit edges. 

The electrons are detected by a plastic scintil-~ 
lator (NE 110) . Approximately 100 photons are 

produced per incident electron in a 2 nsec 
wide. A fraction of these photons enters a 
vertically mounted photomultiplier tube (RCA 
The resultant 4 nsec wide, roughly triangular 

are processed at rates up to 100 MHz a 
amp1ificr (Canberra converted 

to Schottky TTL pulses (LeCroy 688 AL) and counted 
at up to 40 ~lllz (Kevcx system 7000 front -ended 
with module 5180) . The module 5180 also provides 
the magnet ramp which is feel to a separate ,,,inding 
of the main coil. 

The whole spectrometer fits at the 
back of the available leg
requires no alterations to 
shielding is provided by a v-metal 
so AC fields arc expected to be the most serious 
resolution-limiting factor, and provisions are 
being made to compensate for the major AC components 
electronically. The magnet power supply (North 
Hills TC-602CR) is stable to 2 ppm. 

Nonnal operation of the spectrometer makes use 
of the P400 scanning attachment to form a sma11 
probe on the specimen, and of the post
lenses to give an image of the probe at the pro
jector lens back- focal pl2ne, and a 
diffraction pattern at the level of the 

screen, where a SOO l-'111 exchangeable 
ture, defines the entrance angle into 
spectrometer, is located. This arrangement makes 
it possible to electrons scattered by up 
to 100 mrad with little loss in energy resolution. 
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spectrometer slit 

razorblade 

10 

F . 2. Energy selecting; slits, fully opened, compared to the edge of 
a new razor blade. (XBB 797-9145) 

It is however also possible to operate the 
microscope 1vi thout the scanning attachment, area 
selection being accomplished by the aperture in 
the screen. 

Initial tests show that stray magnetic fields 
limit the resolution of the spectrometer to 20-
30 eV, but that simple dynamic compensation of 
60 l-Iz AC fields can bring the resolution clo1m to 
4 eV, (Fig. 3) at which the resolution limit 
comes mainly 120 llz Improvements in the 
poor magnetic shielding of Philips 400 microscope, 
which are now being carried out, should bring the 
resolution down to the energy spread of the 120 kV 
electron beam (1 eV) . Equally importantly, the 
electron counting system has proved itself capable 
of keeping the clark count below 100 counts/sec 
while detecting single electrons with close to 
100% at rates up to 4 x 107 counts/sec. 

Fig. 3. 
nitriclc. 

Zero loss and first "plasmon" in silicon 
(CBB 7911-15001) 

This kind of performance will be useful for studies 
of the fine structure of energy loss edges, where 
a good signal/noise ratio, and hence higher count 
rates, will be needed. 

Initial applications of the spectrometer have 
been in the field of structural ceramics, where 
the ability to detect and map light elements pre
sents the key to several long-standing problems. 
For instance, an energy-loss spectrum taken from 
a grain boundary in SiC sintered with small B and 
C additions shows a weak BK-edge (Fig. 4), thus 
indicating that B may be involved in 
grain boundary diffusion during the sintering 
this important ceramic. 

4. Energy loss spectrum from a grain boundary 
region in SiC. Si Lz 3 and L1, and B-K and C-K 
edges can be seen. ' (CBB 7911-15003) 



The spectrometer performance is nmv being 
improved by adding electromagnetic align-

ment coils to the present mechanical align-
ments, magnetic sextupolcs to correct second order 
aberrations, ancl an LSI-11-basecl minicomputer. In 
ackhtion to ifying the x-ray spectra that 
arc also on the Philips 400 microscope, 
the minicomputer \vi l1 serve for the development 
(in collaboration with Dr. P. Rez of Kevcx) of 
a comprchcns ivc energy loss quantification 
package. Thi.s will include deconvolution of 
spectral features clue to multiple 
automatic edge i.clcntification calculation 
compositions from the of the edges, and 
on-line EELFS analysis (extended energy loss fine 
structure, equivalent to EXAFS) to radial 
distribution ftmctions arowJCl each in 
composite materials. 

The possible applications of the fully developed 
svstcm arc too numerous to be described in detail. 
It will, however, be to see how success-
ful electron energy loss spectroscopy becomes in 

the types of infonnation avaDablc until 
now only with synchrotron radiation, at a fraction 
of the cost. 

.L 
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Physical Properties and Microstructures 
of Alloys and Ceramics 

l. RARE Ei\RTII-COBALT HAED MI\GNETS
11 

M. F. SlUlg and R. K. Mishra 

Phase transformations in E-Co magnets are of 
primary importance, since all the rare earth-
cobalt mag11ets with good properties are 
mu1tiphase alloys. However, identification of 
various phases that are present is generally not 
straight forward, particularly for the multi
component alloys that are being developed presently. 
Detenni.nation of the structure, chemical composi
tion and magnetic domain behavior of the various 
phases in the mateTia1 can be approached with 
electron microscopy teclmiques. Electron diffrac
tion in conjunction with clark field techniques 
arc essential for phase identification while Lorentz 
microscopy is very useful to study the mag11etic 
domain patterns, and hence the mechanism of harden
ing. 
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The microstructure of s intcrccl (Co ,Cu, Fe,:~ r) 1 
alloy solution trcntccl bct\vcen ll00-1250°C and 
step bet1vccn 750°C to 400°C has been .in 
vestigated. This alloy has been shown to have 
(BIOmax of ~ 30 ii!KCOc after step- up to 400°C,l 
The microstructure or the step alloy a [ter 
aging at 400°C is sho1m in figs. l (~1) and (b). 
The microstructure i.n Fi 1 (;1) taken from a sec-
tion of the aged mater contnining the c-axis 
consists of a cellular microstructure \,oith eel 1 
interiors having a 2:17 structure and ce1J bound
~lrics a 1:5 structure. The cells arc <lpproximatcly 
300 !\ in size and the cen walls arc ~ 1]() ;\ in 
1vidth, making it difficult to clctennine the chem.i.cal 
composition of these phases the available 
STEll!. Closely spaced ts on the basal 

Fig. l. (a) BF image of a step aged Smz 
Co- Zr) 17 a1loy, sectioned parallel to the c -ax.i.s 
(easy shmving the cellular microstructure. 
The ce1J interior (I) has the 2:17 structure and 
the cell bow1dary C has the 1:5 structure. The 
cell interiors arc heavily faulted (F) on (0001) 
planes. (b) Same as (a), from the alloy sectioned 
nonnal to the c-axis. The cell interiors are not 
faulted. The cell boundaries are aligned 
lographically. (XBB 



planes are present in the cell interiors in Fig. 
l(a) and these faults generally do not continue 
through the 1: 5 phase at the boundary. In Fig. 
1 (b), taken from a section of the same magnet, 
nonnal to the c-axis, these faults are not seen. 
The cell morphology is not isotropic in this sec
tion, just as that in Fig. l(a) where cell walls 
are parallel to crystallographic planes. 

The microstructures from alloys step aged up to 
600 °C and 500 °C are similar to those shmvn in 
Figs. l(a) and (b). 

The magnetic domain walls are imaged by Lorentz 
microscopy in Fig. 2 from a specimen of the 
alloy, sectioned parallel to the c-axis. The 

A 

Fig. 2. Fresnel micrograph from a step aged 
Sm2 (Co-Cu- Fe- Zr) 17 alloy showing the domain walls 
in an overfocussed condition. Note the wavy nature 
of the domain wall AB which tries to remain along 
the 1:5 phase preferentially. (XBB 795-6614) 

domain wall is seen to be wavy in nature and lies 
parallel to the c-axis (easy axis). Careful 
comparison of these images with the focussed images 
shows that the wavy domain wall in 2 follows 
the cell boundaries. This is the case if the 
boundary phase is magnetically softer /harder then 
the cell interiors so that the domain walls are 
preferred energetically to lie in or near the 1: 5 
phase. 

It can be concluded that the cocrcivity is con
trolled by domain wall motion and not by single 
domain particles in this magnet.2 The high co
ercivity is a result of the changes in the chemical 
composition between the two phases during step 
tempering. It is suspected that the initial phase 
separation in this R-Co system proceeds via a 
mechanism where the two phases first separate out 
and any further step aging only enhances the 
composition differences. Further work in the 
characterization of the microstructure produced 
during aging of the R-Co alloys and the domain 
wall configurations in the partially 
is necessary to discuss these points 
is currently in progress. 
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2. HIGH PERMEABILITY Ni-Zn-Co FERRITES' 

R. K. tv!ishra 

Heat treatment of fabricated ferrites has been 
shown to affect the microstructures properties, 
e.g. in LiFe50g, NiFezOg, 1 NiZrCoFez04 etc. In 
the case of Fe-excess NiZrCoFez04 it has been 
established that when this material is annealed 
both above and below the Curie temperature (~470°C), 
the concentration of Fe+2 ion in the material is 
reduced. This in turn changes the pei1lleability 
and the yQ factor. Fonnation of small precipitates 
and/or segregation of a grain boundary phase during 
the annealing has been suggested as factors affect
ing the changes in the permeability and yQ. The 
purpose of the present study is to exmnine the 
microstructure using TEM so as to detei1lline the 
nature of the precipitates and the grain bounda11 
segregates which may be affecting the high pei1llea
bility properties. 

Results show that, in specimens that are annealed 
at or above 425°C, the concentration of Fe+2 ions 
is significantly reduced and the d.c. resistivity 
increases. However, electron microscopy does not 
show any grain boundary phase in specimens annealed 
below 550°C. Also precipitates which might have 
formed during annealing are not present in samples 
aged below 550°C. In addition, when examined at 
100 kV, sru1~les annealed above 425°C exhibit a 
reduction reaction resulting in the precipitation 
of Ni on the free surfaces as shmvn in Fig. 1. 

Fig. 1. Precipitates of Ni on the surfaces of 
(NiZnCo) ferrite, fanned in the microscope clue 
to beam heating. (XBB 794-5660) 



The reduction reaction is similar to the one that 
occurs upon heating this material in a 
atmosphere. It is seen that the case of the 
cluction reaction depends on the amount of 1ons 
ancl the inten1aJ str0in due to the oxiclD-
tion of fe304 to 
ments. Thus the changes 

on the internal stress 
rather than the presence of 
boundary 

* * * 
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~S. l!IG!-IER PERMEABILITY (Jiln, FERIUTES 

R. K. Mishra and G. Thomas 

The microstructures of six 
commercial grade il!nZn soft ferri tes have 
studied using transmission electron microscopy and 

, and the microstructural features 
correlated with the properties. Special 
emphasis has been placed on the grain boundaries. 
The pemeabilities range from 1,200 to 18,000 and 
loss factors (tan0/p) from 1.0 x lo-6 to 13.7 x 10-6 
at 50 kHz. The pore distribution in these ferrjtes 

diverse although the total porosities 
the same. In samples of low u, fine 

of o-Fez03 or lllnOz (as detected by 
electron diffraction) were found associated with 
intergranular pores. In Sample 3 clark field and 
lattice iJnaging ncar grain b01mdaries 
revealed the presence of a line phase 
30-50 A wide and fanning pockets at grain boundary 
junctions (fig. 1). These were not detected in 
Sample 6. 

microanalysis by STEll! showed Ca and some 
Si segregation at the boundaries in Sample 3 
[Fig. Z(a)], indicating that the glassy phase is 
probably a calcium silicate. This would be ex-

also from the chemical composition. 
(b) shows little variation in Zn, llh1 or Fe. 

Sample 6 where no glassy phase could be seen x-ray 
microanalysis (Fig. 3) failed to detect any or 
Si. 

Since no Ca is detected in Sample 6, either at 
the boundaries or in the grain interiors, 
one can conclude that Ca is distributed unifonnly 
in the grains. In any case, the Ca concentration 
1s below the detection limit of STEM. 

Lattice in conjunction with optical 
microcliffraction reveals that the lattice parameter 
is larger near the boundaries in the case 
of 3 and not so in the case of Sample 6. 
J\n of measurements for Sample 3 is shmm 
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Fig. l. Lattice iJnage using 111 reflections simul
t::meously in t1vo grains of Sample 3. The absence 
of patterns at the grain boundary 
along confinns the Fig. 3 that a non-
crystalline phase exists at boundary. 

ln 
ti.on of 
Such 

(XBB 795-

4. The results indicate that the segrega
calciun is responsible for this effect. 

in lattice parameter introduces 
stresses near the bowxlarics, 

affects magnetostriction and magneto
and hence reduces v. In 

case lattice distortion clue to Ca 
and presence of the glassy phase 
boundaries is thought to be 

ble, in part, for the decreased value of p in the 
case of Sample 3.1 Thus, the large values of u 
obtained in Sample 6 through processing control 
and use of purity powders can be attributed 
partly to the elimination of glassy and 

at grain boundaries. 

We thank TDK Electronics, Co., Tokyo for provid
samples and many helpful discussions. 
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·~ . BUBBLE GARNET 

R. K. ~Lishra 

Ferrimagnetic garnets arc prime candidates for 
thin film bubble memory devices. For such applica-
tions, magnetic garnet films arc 
epitaxially grO\I'Tl on nonmagnetic garnet substrates 
such as Ccl3Cas012 (GGG). Nonunifonnity in the 
film composition with film thickness, segregation 
of certain alloying clements (added in order to 
tailor the magnetic and lattice par~lm
eters) in the film and related p are 
some of the current practical problems. In a deli
tion, the nature of the epifilm-substrate interface 
region whose microstructure in an electron micro
scope scale (i.e. at a high enough resolution \vhere 
structural defects and local compositional inhomo-
genetics can be has not been chnrac-
terizecl is responsible for another kind of problem 
that static bubblcc as \vell as 
the bubble mobility. 

LPE films grown on GGG substrate and with a 
nominaJ composition of (EuLu) 3 Fe sO] 2 containing 
Ca and Ge have beccn examinccd so far. 

Chemical microannlysis in the STEM shows that 
the elemental composition ncross the bound-
ary varies abruptly in some regions and smoothly 
in some other regions of the interface. TEi\l 
analysis shows the existence of interfacial dislo
cation network in some regions of the interface. 
Also evidence of h01v the matrix d.islocations get 
replicated through the cpifilJn are seen. Work is 
inprogress to completely characterize the inter-
face structure and study the of growth 
induced anisotropy in the magnet fjlJn. 

* * -J.: 

Brief version of LBL-8215. 

5. MAGNETIC PROPERTIES OF PLASMA DEPOSITED IRON
IRON OXIDE THIN FIIJ\!S 

R. K. Mishra and D. Hess 

Magnetic thin films have been of great interest 
for many years. The large number of applications 
range from magnetic recording tapes to magnetic 
discs for bulk computer memories to magnetic record
ing heads, and finally to the more recent magnetic 
bubble devices. In the past, magnetic films have 
been deposited by teclmiques such as vacuum evap 
oration, electro-deposition, cathode sputtering etc. 
Plasma enhanced deposition (PED) has generated con
siderable recent interest. PED can be used to fonn 
compounds of various compositions at low temper
atures in the plasma environment by controlling gas 
pressure, gas dynamics, substrate temperature, rf 
power, rf frequency, electrode spacings etc. 

In the present work, thin filJns of iron and iron 
oxide are deposited by PED from an iron pentacar
bonyl source in a glow discharge parallel plate re
actor. Chemical analysis of the films show that 
the carbon and oxygen contents of the films increase 
with increasing rf power. Small 
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(30-300A) of o:-Fe and iron oxide (Fe304 or y-Fez03) 
are fonnecl at substrate temperatures of 150°C or 
above . l). The concentration of CJ,-Fe crystal-
lites 1vith increasing substrate temper-
ature (rf power). 

Films deposHecl on substrates held at temper
atures below 150 °C, do not exhibit m1y hysteresis 
loop. Square hysteresis loops (Br/Bs ~ 1) are ob
served for a sul(strate above 30 watts (Fig. 2). The 
magnetization, Kl, is found to lie in the film plane. 
The specific magnetization at saturation decreases 
from 2 to 0.4 weber-meter/kg by increasing the rf 
power from 10 to 100 watts. The coercive force 
rm1ges from 5 to 45 Oe, mcreGsing with both in
creasing substrate temperature and increasing rf 
power (Fig. 3). Work is in progress to explain the 
changes in magnetic properti.es from chemical and 
morphological/microstructural considerations and 
establish these relationships. 

(a) 

(b) 

(c) 

1-----1 
Fig. 1. Transmission electron micrographs for a 
film deposited onto NaCl at 300 °C, 10 watts power. 
(a) SAD pattern showing the diffraction rings from 
o:-Fe and spinel oxides (2 inner-most rings are from 
oxide only and the third ring is from o:- Fe only). 
(b) BF image showing the particles of both CJ,- Fe and 
iron oxide. (c) a,-Fe dark field image showing the 
CJ.- Fe crystallites. bar 2000 A. 

(XBB 790-13250) 



Fig. 2. '1l1e hysteresis loop from a de-
posit nm at 300°C and l?~ watts power. (He ~ 4?0e, 
Br/Bs ~ 1, 0. 7 x 10 · w-m/kg). (XBB 790-14173) 
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Although it is clear 
beneficial to strength 

and toughness, the cleto.iled mcchanism(s) for this 
are not yet research work now 
being done will examine the question of austenite 
stability ancl 1ography of austenite decom-
position with both to toughness ;mel temper 
martensite embrittlement. For the latter work, 
modifications of the Fe/Cr/flh1/C ' tough" alloy 
with the carbide Fanners \ll and V \vi ll be stud iecl. 
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The of the 
steels 

investigation with particular 
orientation relationships and 

lath martensite in 
stucl.ied is under 

attention focused on 
habit. Our model 
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for the transfonnation is qui tc 
requires detailed microelectron 
ies, e.g. by convergent beam methods now that we 
have a TEM-STEJ'v! microscope available. 

A new program has started on fat ancl 1vear 
resistance of both the medium carbon (qua-tough) 
and low carbon (dual phase) classes of alloy 
developed in my group. The between 
friction 1vear resistance and rota inecl austenite 
will be established and the mechanisms of wear 

This aspect is of 
importance clue to the great interest ex-
pressed in the "qua-tough" steels by the nunmg 
industries. The fatigue progrmn will concentre1tc 
particularly on mechanisms of crack propagation 
in our experimentally developed steels. In dual 
phase steels current research is concerned with 
fracture and improvement of low tempera-
ture toughness, e.g. by grain refinement. The 
role of carbide elements, vana-
dium, is being , i_n a co11aborative effort 
with Sandia Laboratories, to obtain a better under
standing of the potential of dual phase steels 
for geothermal applications (e.g. drill pipe 
casings). The corrosion properties will be studied 
at Sandia and the microstructure-ferrite-fracture 
research done here. 

Another program in alloy 
project is concerned with the harden-
ability of low carbon dual phase steels. In 
particular, alloying additions of boron, and cooling 
rate experiments from the (o.+y) field arc being 
studied. The latter is of interest for potential 
applications of dual phase steels for civil con
struction. 

An analytical TE!'v!/STEM facilities will be uti·· 
lized for monitoring the solute and impurity dis-
tributions in all of the alloy prognuns 
(NSF supported). Such infonnation essential 
for understanding such problems of austenite 
stability, relative properties of ferrite and 
martensite in dual phase steels. A critical, dif
ficult problem being studied is a comparison of 
lattice imaging and microanalytical (spectroscopy) 
methods on the same alloys, e.g. the usc of ELS 
for analysing light elements (C, N. B, etc.) 

Magnetic Materials. The rare earth permanent 
magnet program involves a fundamental study of 
the phase transformations in Sm-Co-Cu-Fc-Zr alloys 
with particular emphasis on the initial phase 
separation e1ncl local chemical fluctuations 
step aging. It is still not clear whether this 
decomposition is spinodal or not. 

In amorphous alloys research started in 1979, 
studies of local magnetic fluctuations and chemical 
fluctuations are being carried out on Fc--Co-B-Si_ 
alloys annealed below the tem
perature. 

In ceramic magnets, boundary mobility is being 
investigated in Mn Zn ferrite containing CaO and 
Si.Oz as impurities. The permeability and other 
properties depend sensitively on localized 
segregation-strain effects. The emphasis is to 
manipulate the microstructure and remove unwanted 
segregation to optimize permeability. 



In ct collaborative program 1vith Dr. D. Hess 
studies of the microstructures of plasma enhanced 
deposition (PED) films ctncl the control of the mag
netic properties He, Bs and (BH)max in PED films 
by alloying to change these microstructures are 
being carried out on iron. 

The research on spinodal Fe/Cr/Co magnets has 
now been completed ctncl no further work is currently 
planned for these alloys. 

Ferroelectric illctterials. Lead zirconate titanate 
(PZT) is a conm1ercially important material for 
transducer PZT can be sinterecl to 
a high 3 wt.% of excess PbO is added 
during The piezoelectric properties 
also improve upon adding small amounts of Mn02. 
The role of these additives has not been conclusive
ly established and a hmclamental understanding 
of the densification and aging mechanisms in PZT 
is lacking. Thus, the current program involves 
detailed microstructure-property characterizations 
of this material. 

Nitrogen Ceramics. In the nitrogen ceramics 
program sponsored by NSF, further characterization 
of connnercial silicon nitrides obtained from 
Toshiba (Y2o3 treated) and Shinagawa (reaction 
sinterecl) is continuing to those inter-
granular phases which may be present. A new re
search program consisting of studies of the crystal-
lization of glasses has also been initi-
ated. The involves high resolution spatial 
and spectroscopic analyses of these ceramics using 
TE!vl/STB'-'l techniques. 

Varistors. The program on ZnO varistors has 
been completed and no further work is currently 
planned. 
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b. Atomic Resolution Microscopy* 

R. Gronsky and G. Thomas, Investigators 

Introduction. The objective of this program 
is the direct imaging of atoms in solids using 
simply-prepared thin specimens (allowing electron 
"transparency'') and highly sophisticated electron 
optics. At the heart of the program is the Atomic 
Resolution Microscope (AAvl) , a unique instrument 
which is to be manufactured by one of the large 
commercial suppliers of transmission electron 
1nicroscopes to specifications supplied by LBL. 
At this writing, the specifications are in the 
process of final revision and will be released 
by mid-December 1979. 

In the interim before the arrival of the ARivl, 
a number of research projects have been initiated 
which will derive ma,'<:imum benefit from the appli
cation of atomic resolution imaging. These in
clude the study of coherent transformations with 
emphasis on incipient interfacial structure, the 
relationship between grain boundary structure and 
properties in metallic, ceramic and semiconductor 
materials, and the theoretical analysis of the 
imaging capabilities of modern electron-optical 
systems. 

The more advanced of these projects are sum
marized below. 

1. ELECTRON MICROSCOPY OF SPINODAL STRUCTURES AT 
HIGH RESOLUTION-;-

R. Gronsky and G. Thomas 

Even though theoretical descriptions of the 
spinodal reaction are highly developed,l there 
are deficiencies in the experimental characteriza
tion of spinodal structures which arise from their 
sampling of rather large specimen volunes. The 
present work describes a high resolution analytical 
method which is based upon direct imaging of the 
modulated lattice. 

An alloy of Au-77at. %Ni was chosen for study 
clue to its large difference in component lattice 
parameters. Speciillens were viewed in a [100] zone 
axis orientation a Siemens Elmiskop 102 
equipped with double lift goniometer and 
pointed cathode. Images were fonned by the two
beam tilted-illumination method2 using the fonvard
scattered and 002 Bragg-scattered beams. The 
choice of "optimum" focus setting for imaging of 
the modulated lattice was reinforced by comple
mentary optical diffractograms. 3 

A typical lattice image of the decomposed alloy 
is shmvn in Fig. 1, clearly revealing the 002 
lattice planes at a modulation wavelength of 3 nm 

* This work was supported by the Division of 
Materials Sciences, Office of Basic Energy 
Sciences , U. S. Department of Energy. 
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. 1. Lattice image taken under two-beam conch·· 
tions (shown in inset, x marks the optic of 
a spinoclally decomposed Au-Ni alloy. (XBB 790-14918) 

(30 A) . The "amplitude" of the moclulati.on cor· 
responds to the extent of lattice strain reflected 
in the spacings of the fine , as shown by 
the plot in Fig. 2. It is emphasized that this 
information depends critically upon the focus 
setting of the objective lens, and as Fi . 3 1·e· 
veals the structure can be completely 

in an image taken at 240 A unclerfocus. 

These experimental results show that the range 
of hannonics present in a modulated microstructure 
are revealed by lattice , but they 
can also be selectively filtered by 
lens at controlled focus settings. 

DISTANCE (~JO Ofc F'RINGES) 

. 2. PJ.ot of cl-spacing vs. distance obtained 
from microclensi tometcr scan of used in 

. 1. Each point represents an average of 5 
measurements lvi th corresponding error indicated. 

(XBL 757 6648) 



Fig. 3. Optical diffractograms from Au-Ni lattice 
images taken at (a) optimum focus Fig. 1; and (b) 
-240 angstroms w1der focus, which enhances the in
tensity of the high-angle satellite reflection. 

(XBB 793-4197) 

·k * * 

·rBrief version of LBL- 8985; AIP Conference Pro-
ceedings on Modulated Structures, 1979. 

1. J. W. Cahn, Trans. Met. Soc. AHlE 242, 166 
(1968). -
2. W. C. T. Dowell, Optik 20, 535 (1963). 
3. R. c;ronsky, R. Sinclairand G. Thomas, 34th 
Ann. Proc. Elec. Mic. Soc. Am., G. W. Bailey, Eel. 
(Claitor's, New York, 1976) p. 494. 

2. THE EFFECT OF LENS ABERRATIONS ON LATI'ICE 
IMAGES OF SPINODALLY DECOMPOSED ALIDYS 

J. C. H. Spence,t J. M. Cowley,t and R. Gronsky 

The purpose of this study is to propose a choice 
of objective lens focus setting Llf 1vhich allows 
reliable values of the spinodal amplitude to be 
estimated from lattice images (see preceding 
article). This choice is based upon a theoretical 
consideration of the contrast transfer function 
of the objective lens independent of any dynamical 
effects which may modify the relationship between 
local object and image periodicity. 

We consider an idealized case of spinodal de
composition for a single atomic species in which 
the modulated crystal potential is proportional to: 

f(x) = cos (2n + A sin 
vox 

(1) 

where A is the amplitude of the modulation and 
1/vL is its wavelength. The spacing of 
the lattice planes is l/v0 , but local spacings 
Ls 1/v~ where: 

By comparison, the apparent local 
the image is 1/v~ where: 

in 

(2) 
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Here X(V) is the phase distortion function 
accoW1t of lens aberrations, clue to spherical 
aberration, Cs, and extent of defocus, Llf, i.e. , 

X (p) 
4 4 

2n (C 2_jJ_ + 1\f 
;\ s 4 ) , 

and Vx 1s given by 

(3) 

( 4) 

(5) 

The fractional change in image spatial frequency 
due to instrwnental aberrations is thus 

F(x) 

which is plotted in Fig. 1 for a range of focus 
settings under typical experimental condi ti.ons 
(Cs = 3 mm, /, = 0.037 A, Vo = l/1.8 A-1, VL 
l/30 A-1, A= 1.66). 

(6) 

It is observed from this result that the spino
dal wavelength is correctly reproduced in a lattice 
image taken at any of the computed focal settings. 
However, even atthe optimum focus setting, the 
spinodal amplitude is only 90% of the object period 
at that image point where the distortion is 
greatest. Hence, in any measurement of spinodal 
amplitude by this method, it is essential to use 
images recorded W1der kno\\'11 conditions of focus 
and spherical aberration coefficient. 

* * * 

·rnepartment of Physics, Arizona State University, 
Tempe, Arizona 85281. 
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Fig. 1. The maximum value Fm of F (x) by 
Eq. (6) plotted as a fW1ction of defocus for a 
lens weakened from the Gaussian image. The minimum 
occurs at L\f = Cs;\2(\Jo/4). (XBL 7912-13631) 
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3. LATTICE IMAGING OF ii1JDULATED STRUCTURES 
,!, 

D. J. H. Cockayne' and R. Gronsky 

By including a full of 
the clastic diffuse by a lat-
tice with slowly varying changes in interplanar 

anctcomposi tion' a theoretical description 
the appearance of lattice images in modulated 

structures has been completed. The method of 
periodic continuation2 was used to calculate dif
fraction patterns and images for a spinodally 
decomposed Au-77 at. %Ni alloy imaged at 100 kV under 
two-beam conditions. 

Reference to 1 (a) shows that the phase 
of the 200 "beam" (n=o) including its 

satellites (at n ±1) has a very strong dependence 
on foil thickness. This is also reflected in the 
eli Hractecl amplitude 0 shown in . l (b) . Note 
that the low-angle satellite reflection at n = -1, 
which corresponds to the large interplanar spacings 
where Au resides in the modulated lattice, increases 
more rapidly with thickness and has a shorter 
"extinction distance" than the n = +l satellite 
reflection. Such a result is in accord with the 

scattering factor of Au compared with that 
It is therefore not surprising that even 

for a ''perfect" lens the image will show fringe 
spacings very different from the intcrp1anar 
spacings of the object (Fig. 2). For example, 
in Fig. 2 although the actual object period con
sists of 18 fringes, the image shows 19 in one case 
and 22 in the other. This suggests that there may 

no +I 

10 
Foil Thtckness l (nm) 

15 

fig. 1. The variation of phase angle 8n(200) and 
amplitude 0n as a function of foil thickness for 
the nth satellite reflection of the spinodal Au-Ni 
alloy imaged in . 3. (XBL 797-6612) 
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be fringe "terminations" present in a lattice image 
which do not to dislocations and eAlJeri-
mental (Fig. 3) in fact confirm predic-
tion. 

It is concluded from this is that, for 

Image 
Cs £lf -----

0 0 0 
® 3mm -330nm 

Fig. 2. Calculated 
one period of a Au-Ni 
optimum defocus for a 
imperfect lens (Cs = 

dlo3.17nm 

x-

spacings d' (X) across 
thickness 120 A, at 
lens (Cs = 0) and 

mn). (XBL 797-6609) 

Fig. 3. High-magnification detail of a lattice 
image of spinodally decomposed Au-Ni showing a 
Burgers circuit around the 002 An obvious 
closure failure is indicated source identi-
fiecl as the termination of one 

(XBB 798-10322) 



slowly varying interplanar spacings, the variation 
of the contrast transfer flmction X(lJ) across the 
distribution of elastic diffuse scattering must 
be considered when detennining how closely inter
fringe (image) and interplanar (object) spacings 
match. 

* * * 

tBrief version of LBL-10158, submitted to 
lhilosophical Magazine. 
Pennanent address: Electron Microscope Unit, 
University of Sydney, N.S.W. 2006 Australia. 

1. G. R. J\nstis and D. J. H. Cockayne, Acta. Cryst. 
A35, 511 (1979). 
z:- G. R. Grinton and J. M. Cowley, Optik 34, 2ll 
(1971). 

4. GRAIN BOUNDARY PRECIPITATION IN ALUMINUM ALLOYS: 
EFFECT OF BOUNDARY STRUCTUREt 

R. Gronsky and P. Furrer'f' 

This is the first of a series of studies on the 
topic of grain bolmdary precipitation with the 
objective of identifying active heterogeneous 
nucleation sites by their structural characteris
tics. Specimens of Al alloys were chosen for their 
commercial significance; and correlations were 
made between the structural defects, coincidence 
site lattice (CSL) models, and precipitate mor
phologies at the grain boundaries studied. 

In highly ordered CSL boundaries, the occurrence 
of grain boundary precipitation was obviously 
reduced (see Fig. 1). In fact, any precipitates 
that were observed appeared to be associated with 
extrinsic grain boW1dary dislocations. At slight 
deviations from exact CSL orientations (e.g., 
Fig. 2), the density of grain boundary precipitates 
increased, but the tendency for particle alignment 
suggests an active intrinsic defect structure 
assisting in the nucleation event. 

Fig. 1. Bright field TFJ'-'1 image of a 1: = 5 CSL 
boundary in an Al-Zn-Mg alloy showing coarse dis
tribution of boundary precipitates connected to 
extrinsic defects. (XBB 792-2255) 
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Fig. 2. Near-CSL bolmclary (3° from 1: 13) in the 
Al-Zn-Mg alloy. The bolmclary plane is near {lll}, 
and the particles have aligned themselves along 
the arrowed close-packed directions. (XBB 792-2251) 

These intrinsic defects were found to be most 
significant when arranged as shown in Fig. 3. At 
this particular configuration, a segment of the 
grain boundary has been reoriented into a habit 
plane relationship with the emerging precipitate. 
This was found to be the most effective type of 

Fig. 3. Weak beam images of grains in 
the Al-Zn-Mg alloy. The large open arrow identi
fies an intrinsic defect array beneath the boundary 
precipitates which causes a local change in 
orientation of the boundary plane. (XBB 792-225 9) 



nucleation site for catalyzing second phase parti
cles and completely dominated the decomposition 
reaction, even in the presence of a high density 
of extrinsic defects. 

It is concluded that a trans1t10n lattice de
scription of those grain boundaries which initiate 
precipitation reactions is much less useful than 
a complete characterization of the nonequilibriwn 
defect structures present at such boundaries. 
Particularly with reference to the control of grain 
boundary phenomena in Al alloys, the nature and 
interactions of intrinsic defect arrays is of 
utmost importance. 

* * * 
+ 
Brief version of LBL-9739, submitted to Metallurgi-

*cal Transactions. 
'Permanent address: Swiss Alwninwn Ltd. Research 
and Development, CH-8212, Neuhausen, Switzerland. 

5. DIRECT IMAGING OF GRAIN BOUNDARIES i· 

R. Gronslcy 

The study of grain boundaries is best accom
plished by experiJnental methods which provide a 
direct image of local atomic arrangements in the 
boundary vicinity. \1\ihile some success has been 
obtained by indirect methods, i.e. diffraction,l 
there are still considerable problems in inter
pretation, particularly of the ambiguities present 
in diffuse scattering from nonperiodic defects. 
Diffuse scattering is also a major problem in 
imaging, but can be more readily interpreted with 
proper care. 

The difficulties involved in imaging atomic 
positions at grain boundaries becomes obvious when 
it is realized that this requires sufficient 
breadth in the main contrast transfer interval to 
accommodate, not only the Bragg peaks from a single 
perfect crystal, but also the Bragg peaks from 
a second, misoriented, perfect crystal, and the 
diffuse scattering arising from the defect struc
ture at the boundary as well. A typical experimen
tal case might be as shown in Fig. 1. 

An actual image of a grain boundary is shown 
in Fig. 2, where the problems outlines above 
(Fig. 1) are not as severe due to its small mis
orientation angle. The specimen is silicon and 
it has been imaged here in a [110] zone such that 
all {111} (and in some regions {002} planes) are 
visible. 

The interesting aspect of this image is the 
crystallography of the large-scale facets in the 
boundary plane, which follow the traces of all 
the low- index families. Detailed studies of atomic 
matching across the boundary show that the regions 
of greatest disturbance are at the intersections 
of these ledges and may represent extended core 
regions of the boundary dislocation net. 
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Fig. 1. Schematic electron diffraction of 
a gram boundary. For the transfer 1 by 
clashed lines, all the low index planes in 
1 will be imaged, denoting atom positions 
intersection. However, only a single set 
index planes from grain 2 will appear and atomic 
level detail is therefore lost. (XBL 7 99-ll682) 

Fig. 2. Structural of a small angle 
boundary in silicon formed by combining of 
the first order reflections within a [llO] zone. 

(XBB 795-7087) 

* * * 

tBrief version of LBL-9779. 
l. W. Gaudig and S. L. Sass, PhiL Mag. 39A, 725 
(1979). 



6. THE STRUCTURE OF ULTRA- Til IN OXIDE ON SILICON[-

0. L. Krivanek 1' and J. H. Mazur+ 

Ultra-thin oxide layers on silicon are of funda
mental interest because they represent the initial 
stages of silicon oxidation and of practical im
portance because of their application in MIS solar 
cells .1 This study seeks to cletennine the thick
ness, uniformity, and morphology of such oxides 
by high-resolution transmission electron microscopy. 

1 shows an of a 2 300 A long section 
of an ultra-thin oxide prepared by oxidation of 
a p-type 1 \l - em (100) Si wafer at 500°C. The 
specimen thickness in the direction normal to the 
image plane varies fairly linearly from ~100 A at 
left to ~soo A at right, as can be deduced from the 
thidness fringes within the crystalline silicon. 
The oxide thickness is fairly constant across the 
entire image. However there is evidence of a 

A 
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periodic undulation with wavelength ~300 A and 
amplitude ~3 A over this surface, as seen more 

in Fig. 2. 

At higher magnification . 2), the thinnest 
sections of the oxide layer showed a number of 

ine protrusions where the (D) 
measures ~10 A by ~30 A wide by 30 A deep. 
The oxicle-Al parallels the contour of 
the oxicle-Si interface, that the rough-
ness on the Si side may be to the initial sur-
face roughness of the silicon prior to its oxida
tion treatment. 

* * 1: 

.Brief version of LBL-10046. 
·l'supported the National Science Fowxlation, 
Grant liD~lR -24022. 

1. R. G. Godfrey and ill. A. Green, Appl. Phys. Lett. 
34, 913 (1979) . 

Fig. l. TEM image of an ultra-thin oxide cross section. (XBB 799-12255) 

1 

. 2. High image of the same oxide as Fig. l. Arrows point to individual 
crystalline silicon protrusions (A,D) and to rough (C) allCl smoother (B) sections of the interface. 

(Xl3B 7910-14708) 



7. HIGI I- RESOLUIION STUDIES OF G. P. ZONE FORMATION 
IN Au-Ni J\UOYs'· 

C . K . Wu 'i' and G . Thomas 

The Au-Ni alloy system 1s one of many binary 
systems in which the solid solution 
may exhibit a multistage precipitation behavior 
during aging. Spinodal decomposition has been 
observed and characterized on a localized scale 
(sec article 2), but other mechanisms may be in
duced by outside of the coherent spinodal. 
In this paper we the formation of G. P. 
zones in a Au-15at. alloy after aging for 1 
hour at 150°C. 

The first evidence for such zones appears in 
the diffraction pattern as shmm in Fig. 1, where 
relrods extend continuously along ( 100> directions. 

. 1. Electron diffraction pattern, [ 001] zone. 
(XBB 780-12895) 

These streaks represent the shape transform of 
the solute atom clusters only 1-2 lattice planes 
thick along {100} planes. These are observed 
directly in the corresponding lattice image (Fig. 2) 
taken under two-beam conditions. By direct measure
ment the zones arc 2 to 4 i\ thick and ~ 20 to 40 A 
in diameter at this stage of development. They 
arc completely coherent (no terminating 
are observed) and the lattice shows obvious con
traction in the Ni solute-rich cluster regions. 

Financial support from NSF, Contract II Dllll\ 
7 8-03894 is gratefully acknowledged. 

Fig. 2. Lattice image of (200) planes in Au··lSat.% 
Ni a1loy showing small zones. (XBB 7710-10851) 

RESEARCH PLANS FOR CALENDAR YEAR 1980 

Throughout the upcoming year, an expansion in 
effort is planned for studies of the relationship 
between grain boundary structure and properties. 
Results to date have indicated the optimum T~1 
methods for high resolution studies, and these 
will be applied in the following areas: 

Grain boundary segregation. High resolution 
imaging, combined with compositional microanalysis 
in the STEM will be utilized in identifying the 
most likely boundary structures for segregation 
as well as the morphology and distribution of 
segregate species. 

Grain bmmdary fracture. A detailed analysis 
of grain boundaries as dislocation sources has 
been initiated. The objective of this study is 
to also establish correlations with prior boundary 
structure, structural unit models and fracture 
behavior. 

Grain boundary precipitation. Work will con
tinue in this area with new emphasis placed on the 
morphological characterization of critical nuclei 
of the emerging phase. 

Work will also continue on the theoretical 
analysis of atomic resolution microscopy, particu
larly the imaging of sharp structural discontinui
ties and non-periodic defect arrays. Simulations 
will incorporate the instrumental parameters 
characteristic of new-generation 200 kV microscopes. 
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c. 1.5 MeV Electron Microscope* 

K. H. Westmacott, Investigator 

Introduction. Activity during the year has been 
concentrated mainly in (1) developing the new 1. 5 
MeV High Voltage Microscope facility in Building 72, 
and upgrading the performance and utility of the old 
Hitachi 650 keV H\IB'vl on Campus, (2) establishing 
base data from ex-situ experiments, principally on 
oxides and spinels, for subsequent comparison with 
controlled-envirorunent in-situ studies, and (3) 
elucidating the nature of point-defect 1 solute-atom 
interactions and clarifying their role in phase 
transfonnations. 

The in-situ techniques will be used in new direct 
studies of gas-solid reactions and phase transforma
tions in important classes of both metallic and non
metallic materials, while the defect studies consti
tute part of a contmuing attempt to understand the 
mechanisms of segregation and of second phase fonna
tion in a broad range of alloy systems. Close par
allels have been observed between the early stages 
of graphite crystallite formation in supersaturated 
Pt-carbon alloys and carbide formation in Ta-C 
alloys, in both of lvhich co-precipitation of vacan
cies and carbon atoms occurs. Present evidence sug
gests that this process is important in a variety of 
both FCC and BCC substitutional and interstitial 
alloys as a precursor to formation of the stable 
equilibrium phase. A detailed account of the pre
cipitation sequence in the Ta-C system is given; 
further development will follow later. 

1. PROGRESS REPORT OF FACILITY DEVELOPivlENT 

K. ll. \l'cstmacott 

1. 5 MeV I-JVElvl Project. The final stages of the 
construction of the building to house the new 
instrument have been reached. The major construc
tion phase is over, and all the essential items in
cluding .i.solation foundation, traveling crane, air
conditioning, and other utilities are installed. 
The building should be ready for acceptance before 
the end of the year. Delive11 of the instrunent 
has, however, fallen behind schedule by three months. 
The accelerator and generator are completed and in 
transit, but the colu1m has suffered delays and is 
only now starting its final test phase. Acceptance 
tests at the factory are presently scheduled for 
late January 1980. 

2. 650 keV HVEM Side Entry Conversion. Conver
sion of the Hitachi HlJ650 to side entry operation 
proved much more difficult than had been envisaged. 
The "Swann" system, while basically sound, must be 
custom-fitted since each of the Hitachi instrunents 
is slightly different. These interfacing problems, 
which have serious repercussions for the rest of the 
system, have now been solved and the entire system, 

~ 

This work was supported by the DivisiOn of Materials 
Sciences, Office of Basic Energy Sci.ences, U. S. 
Department of Energy. 

including the environmental cell, is working in ac
cordance with expectations. The first new results 
from duect in-situ stud.ies of gas-solid inter
actions have recently been obtained. 

2. PI-lASE TRANSFORJVll\TION IN INTERSTITIAL ALLOYS t 

U. Dahmen 

It has recently become apparent that interstitial 
alloys bear more similarities to substitutional al
loys than usually recognized. Among the most strik
ing similarities are two features commonly attrib
uted to the effect of vacancies in quench-aged sub
stitutional alloys: the formation of homogeneously 
distributed coherent precipitates and the presence 
of precipitate-free zones (PFZ's) near vacancy sinks 
(e.g., grain bow1daries, surfaces, etc.). Using 
quench-aging experiments in dilute alloys of (bee) 
tantalum Hith carbon in interstitial solution, the 
precipitation sequence was followed by means of 
electron microscopy lmder special consideration of 
a possible vacancy effect clue to carbon-vacancy 
binding. 

When high-purity tantalum was alloyed with about 
0.5 at.-% carbon and quenched rapidly in ultra-high 
vacuum, the carbon was held in supersaturated solu
tion. Subsequent aging at ~ 400°C for 144 hr pro
duced a high density of small coherent precipitates 
with image characteristics similar to dislocation 
loops, as shmm in Fig. 1. A detailed trace analysis 
showed their hab1t planes to be the {310} planes of 
the matrix. Due to the small volume fraction of 
precipitates no extra spots were observed 1n the 
diffraction patterns. 

Since their visibility in electron micrographs 
results almost entirely from strain contrast, the 
precipitates could be analyzed as "dislocation loops." 
Three important pieces of information about the dis
placement vector R of the precipitates could be ob
tained in this manner: the displacement vector is 
nonnal to the habit plane, i.e., the "loops" are 
pure edge, its magnitude is approximately l/3 <310) 
( ~31\.), and its sign shows that the "loops" are 
slabs of increased volume. Such a contrast exper
iment is shmm in Fig. 2 (for detailed analysis, see 
Ref. 1). 

In contrast to carbon in platinum, 2 lattice vacan
cies are not necessary to explain the "loop" charac
ter at this stage of the precipitation process. 

However, a number of features are difficult to 
explain without the involvement of vacancies. 
Vacancy sinks such as grain boundaries, dislocations, 
and interphase boundaries always exhibited precipi-
tate-free zones 's). An exmnple of the PFZ near 
a grain boundary is shown in Fig. 3, which demon
strates that no heterogeneous nucleation has occurred 
in the grain boundary. Since tantalum forms very 
stable carbides, it is highly unlikely that a film of 



Fig. 1. TEM micrograph showing coherent precip
itates in a quench-aged tantalum-carbon alloy. 

(XBB 789-122CJ1) 

carbon has fanned on the boundary. l-Ienee a mech
anism different from carbon depletion must be re
sponsible for the PFZ. In aluminwn alloys, the 
equivalent effect has been ascribed to a vacancy 
depletion3 and the same explanation seems reason
able in the present system. 

Furthennore, on comparing the density of coherent 
precipitates in this system with reports in the 
literature on quench-aging of other bee-metal/carbon 
alloys, it was found that there is remarkably little 
variation with carbon concentration. For example, 
a similar density of precipitates was found in the 
present alloy (Ta ~ 0. 5 at. -%C) and a 10 times more 
dilute molybdenum-carbon alloy.4 

In conjunction with the fact that these coherent 
precipitates arc only found during low-temperature 
aging after a rapid quench, the evidence suggests 
that vacancies play an important part in this 
stage of precipitation, analogous to their role in 
substitutional alloys. 
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Fig. 2. Contrast analysis of coherent precipitates 
(XBB 789-

'~"Brief version of LBL- 8661. 
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1979. 
2. K. H. Westmacott and M. I. Perez, J. Nucl. Mat. 
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P. N. T. Unwin, G. W. Lorimer ;mel R. B. Nichol
son, Acta Met. 17, 1363 (1969). 
4. K. Yoshiokaand H. Kimura, Scr. Met. iJ., 361 
(1975). 



Fig. 3. Precipitate-free zone near a grain bound
ary. (XBB 789-12561) 

3. THE ORIGIN OF Uf,llJSUAL DISLOCATION STRUCTURES IN 
ION-TI-IINNED NiO SINGLE CRYSTALS 

J. A. Little and K. Il. Westmacott 

During the microstructural characterization of 
nickel oxide single crystals, some unusual disloca
tion configurations showing an anomalous contrast 
under certain diffracting conditions were observed 
that have not been previously reported. These ob
servations were made in a study on the reduction of 
metallic oxides to metals in the gas-reaction cell 
of the Hitachi 650 keV I-JVEv!.l 

The as-prepared ion-thinned specimens contained 
evidence that dislocation activity had occurred 
either during thinning or during subsequent specimen 
handling. Dislocation configurations consisting of 
a leading glissile se~nent threading the foil and a 
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of trailing dislocations were observed (see Fig. 
distributed non-uniformly throughout the foil. 

Fig. l. Persistent slip traces in NiO single 
crystal running parallel to cleaved edge. The slip 
plane is {110} and the dislocation Burgers vector 
a/2< 110>. (XBB 801-1090) 

Normally, when dislocations propagate in a foil 
during TEM observations, the surfaces do not impede 
their motion and only faint slip traces are ob
served marking their passage. In contrast to this, 
the strong persistent traces seen in Fig. l indicate 
that slip activity occurred before observation and 
the glide dislocations were retained near the foil 
surfaces. The anomalously strong diffraction con
trast exhibited by the traDing dislocations is 
good evidence that they lie within about 1/lOth of 
an extinction distance from the foil surface. 2 In 
all cases the dislocations lay in the usual {110} 
slip plane and had -i ( 110> type Burgers vectors. 

During prolonged observation in the microscope 
the near-surface dislocations were observed to 
slowly slip piecemeal out of the foil surface 
leaving discontinuous se~nents (Fig. 2). 

These observations suggest that the surface 
layers of the ion-thinned NiO cyrstal have a struc
ture of composition different from that of the bulk 
which impedes the motion of the gliding dislocations. 
This is analogous to the case :in certain metals 
where surface oxide films are found to produce simi
lar effects.2 In the NiO the surface layers may be 
slightly reduced by the combined interaction with 
the ion beam and the relatively poor vacuum since 
many of the residual gas species in the atmosphere 
are hydrocarbon or other reducing agents. Such a 
process will be dependent on kinetic as well as 
thennodynamic factors, and beam heating of the 
specimen, which is known to occur, is probably a 
contributing factor. The disappearance of the dis
locations during observation in the electron micro
scope is also explained in terms of the specimen 
environment. Under nonnal operating condi.tions, the 
ratio of hydrogen to water vapor in an electron 
microscope vacuum is about l: 20 and can be much 
higher when fresh photographic film ·is introduced into 
the system. 3 Since the equilibrium l-12/HzO ratio 



I' 2. Weak- he am dork- field micrograph shmving 
anomalously strong contrast from near-surface dis
locations and their progressive disappearance 
during reoxi.dati.on in the electron microscope. 

(XRB 801-1091) 

for the Ni/NiO system is ~ 1: 30 at room temperature, 
the microscope v~Kuum is probably an oxidizing en
vironment, imd heating of the specimen during exam
ination Hill result in slow reoxidation of the re
duced surface This would account for the 
slow escape from the surface of the di.:-;locations. 

The second of interest concerns the dis-
locations themselves. There is a nonrandom distri
bution of areas within foils where the dislocations 
are found to occur, and in every example studied 
these djslocations have been found to be adjacent 

It is thus probable 
defonnation processes 
slip of new, or pre-

' , and further support for 
th1s was found when speci.mens which were ion-thin11ed 
and handled with extreme care contained neither 
cleavage edges nor slip traces. 

In conclusion, it should be emphasized that since 
is a common, and increasingly used, 
evidence that the surface layers of 

NiO, and ceramic materials, so prepared may 
have a structure different from the bulk should 
always be borne in mind. 

J. .J. ·\. Little, I<. II. \Vestmacott ancl J. \\'. Evans, 
this annual report. 

2. P. B. Hirsch, A. Howie, R. B. Nicholson, D. W. 
J. Whelan, Electron Microscopy of 
Buttenvorth, London (1965), p. 2'71. 

3. U. Dahmen, conununication. 
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4. PLASTIC DEFORJv!ATION OF MgO (Al 2o3) l.l SPINEL 
AT 0.28 Tmt 

S. H. Kirby and P. Veyssiere 

Plastic defonnation has been observed in spinel 
single crystals deformed at temperatures below 0. 5 
Tm (Tm "" 2400K)- -where diffusion is not expected to 
play a role in the deformation mechanism- -by the 
superposition of a uniaxial compressive and hydro
static stress. Past attempts to defonn crystals 
using compression only have been unsuccessful due 
to brittle failure at stresses too low to promote 
plastic yield. 

The prism-shaped single crystals of MgO (Alz03)n 
spinel (n < 1.1) were compressed to significant 
plastic strain at a temperature of 400°C ( ~ 0. 28 Tm) 
in controlled experiments under a superimposed hydro
static stress of 1.4 GPa. Compression of crystals 
approximately parallel to ( 001) ( 111) and ( Oll) 
resulted in simple yield behavior at axial stress 
differences of 1940, 3720 and 4300 l'·IPa respectively 
(Fig. 1). 

The tests were stopped at permanent strain of 
~ 1% to permit metallographic examination of the 
specimen surfaces. Prominent glide lines were 
directly apparent on all the specimen faces (Fig. 2). 

1 

1 

MgO (AI203)u 
GPa 

400°0 (.28 T1 ) 

2.0 ll.l0-5 ,-1 

···~·, 

orientation 

1 

2 
3 

2 ~3 
111 

Youngs modulus 
calculated observed 

280 280 
170 11 0 
360 370 

5 £(%) 

Fig. 1. Stress-strain curves for the constant 
strain rate tests on spinel single crystals, cor
rected for apparatus distortion. Conditions indi
cated on figure. Observed Young's modulus deter
mined from the elastic slope and calculated modulus 
from the single crystal elastic constants. 

(XBL 794-9444) 
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2. h~1ole- specimen reflection micrographs of specimens compressed 
m the three orientations and supporting stereo graphic proj ec-
tions of orientation data. One parallel polished 
pair of was oriented approximately parallel to 
{110} (face A) and flanked the one polished longitudinal surface (face B) 
which was orthogonal to face A. The dashed great circle lines are traces 
of the longitudinal pr:i_sm surfaces and the heavy great circles are traces 
of the gLide derived from slip line orientations. See legend for 
other symbols. (a) Or:i.entation 1 (N-353) - Compression approximately 
parallel to [011]. (b) Orientation 2 (N-353) - Compression approximately 
parallel to [001]. (c) Orientation 3 (N-356) - Compression approximately-

to [111]. (XBB 794··5806) 



The well-defined and broadly-distributed lines and 
stress-optical effects of slip-bands pennitted iden
tification of the following operating slip families: 

Compression Slip System T 

II ~ ( 001) {110} ( 110) 950 ± 100 tv!Pa 

II ~ ( 111) {100} ( 110) 1810 ± 100 tv!Pa 

II ~ ( 011) {111} ( 110) 1940 ± 100 fv!Pa 

where T is critical resolved shear stress. 

Typically, the members of the above slip fami
lies with the highest Schmid factors operated. 
Clear evidence for active cross-slip on the system 
{100} ( 110 > was observed to nucleate from the {111} 
< 110) bands in the ~ < 001 > specimen. 

* * * 

t·Brief version of LBL- 9129. 

RESEARCH PLANS FOR CALENDAR YEAR 1980 
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The new 1.5 MeV High Voltage Electron Microscope 
will be installed in the Building 72 addition during 
1§180. When fully operational, the facility will be 
used by many different groups, both within and out
side the U. C. community. The improved penetration 
at 1. S MeV w11l permit more meaningful direct in
situ studies of gas-solid reactions in a variety of 
systems. In addition to the environmental cell re
duction work described elsewhere in this report, 
studies of stress build-up during the initial stages 
of oxidation will be resumed. The effects of minor 
alloy additions on the mechanism of oxidation will 
be studied m collaboration with D. A. Whittle. 

A continuation of the structural characterization 
of graphite intercalation compounds with N. Bart
lett's group is also planned. 

Studies on the role of lattice defects in the 
early stages of precipitation will be broadened, and 
it is expected that the concepts developed will be 
applicable to a wide variety of interstitial and 
substitutional alloys. Moreover, present indications 
are that the entire precipitation sequence is con
trolled in many systems by the initial precipitate 
geometry. These concepts are also being applied to 

technologically important problems such as carbide 
precipitation in Fe-based alloys. 
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2. Mechanical Properties 

a. Theoretical Problems in Design* 

J. W. Morris, Jr., Investigator 

Introduction. The research reported here is a 
multifaceted program of research in physical 
metallurgy which includes theoretical studies on 
phase transformation and mechanical properties; 
basic e"verimental studies in the influence of 
microstructure and microstructural transfonnation 
on physical and mechanical properties; and applied 
research in the development of new structural 
alloys, weld filler metals, and superconducting 
wires to meet advanced energy needs. 

Theoretical Studies 

1. PRECIPITATION Al'ill COARSENING REACTIONS IN 1lVO
DI~ffiNSIONAL ISING LATTICEst 

E. S. Pundarikaf and J. W. Morris, Jr. 

Tho dynamics of precipitation and coarsening 
reactions in a two-dimensional binary Ising lat
tice have been. studied using computer simulation 
techniques. The studies are conducted by estab
lishing an initially random distribution of A-type 
and B-type atoms over either a square or hexagonal 
lattice, a situation representative of equilibrium 
at very high temperature, and then permitting the 
system to evolve toward equilibrium at lower tem
perature through direct atom exchanges. These 
are governed by a Boltzmann probability which de
pends on the temperature and on the energetic 
consequence of the exchange. The atoms are 
assumed to interact pairwise with nearest neigh
bors, and the sign of the interaction is chosen 
such that the system naturally has a miscibi 
gap at low temperature. If the reaction tempera
ture and composition is chosen such that the 
system lies within its miscibility gap, the 
evolution of the system will proceed through a 
decomposition into A-rich and E-rich regions. 
TI1rough computer simulation this decomposition 
reaction can be followed, permitting a detailed 
study both of the kinetics and morphological 
aspects of the decomposition as a function of 
composition and temperature. TI1e computer e"1)eri
ment amounts to a simulation of the precipitation 
and coarsening of precipitates rich in the 
minority species, B, in the matrix of the parent 
1\. 

Computer simulation studies have led to the 
division of the precipitation and coarsening 
reaction into four stages: a fast initial reac-

work was supported by the Division of 
Materials Sciences, Office of Basic Energy 
Sciences, U.S. Department of Energy. 

a stage in which coarsening occurs 
direct coagulation of small mobile 

of atoms, a transition stage, and a 
final stage of classic Lifshitz-Slozov 
through diffusion of individual atoms in tl1e 
bulk. The appearance and characteristics of each 
of these phases are sensitive to the reaction 
temperature. During the past yeJr it has also 
been demonstrated that each ,;tage is characterized 

morphological features of the coars
partic1es, which arc reDcctcd in character

istic distributions of atom-bond t)11CS, and Hhich 
vary in a with the reaction temper
ature. The evolution o the particle size clistri
bution has also been studied in detail. 

-[Brief version of LBL-8456 and LBL-10005. 
~Present address: Department of :Metallurgical 
Engineering, Cleveland State 

2. THE ELASTIC ENT:RGY CONTRIBUTION TO SOLID STATE 
PHASE TRAl\!SFORMAT I ON-I-

Sheree Chen, i" A. G. Khachaturyan, § and 
J. W. Morris, Jr. 

One of the most important influences on the 
nature of phase transfonnations in the solid state 
is the problem of elastic acconm1oclation. The pro
duct phase will, in general, differ in size or 
crystal structure from the , and will there-
fore induce an elastic in the parent matrix, 
particularly if it forms initially as a coherent 
inclusion. One of the most important objectives 
of the theory of metallurgical phase transforma
tions is to properly account for elastic effects. 

Theoretical research on the elastic field of a 
misfitting inclusion within a solid phase and on 
its consequences for the thennodynamics shape, 
and the habit of transfonned inclusions been 
underway for a great number of years. The 
est progress has been made in a model in 
both the inclusion and matrix are assumed to be 
linear elastic, and the clastic constants of the 
composite system are assumed to be cmiform. !\ 
variety of relevant problems has been solved in 
the context of this model, and give insight into 
such diverse reactions as ordering in solid solu
tions, the shape and habit of 
tides and the characteristics of 

"D1e \veal th of research in the 
area has, however, led to a circumstance in which 
a of independent fonnulations exist which 



are not obviously consistent in either their 
start1ng or their most important results. 
As a consequence of the research reported here, a 

fonnulation of the linear clastic theory 
a solid containing substitutional defects was 

developed. "I11e point for this treatment 
was microscopic, and it was shmm to be consistent 
with the "lattice statics" models of 
solid solution behavior. T1le model may then he 
taken to its macroscopic limit, and can then be 
shmvn to yield the continual elastic formulations 
of Khachaturyan and of J:shelby. The results proc 
vide a self-consistent fonnulation of the linear 
clastic theory o[ inclusions in solids and, as a 
corollarv, estabLish the consistency 
of earlier theoretical results obtained 
pendent po Lnts. 

* * * 
version of LBL-9264 and LBL·9800. 

address: T. J. Watson Research Center, 
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3. THE THEORY OF M!'l.l\TENSITIC TRi\i\!SFORI\l!\TIONS IN 
f\1\J IDEALIZED ELASTIC SOLIDi 

Sheree Chen,+ A. G. Khacha turyan, § and 
J. W. Morris, Jr. 

import<cmce of 
martensitic · solids, 
larly steel, there exists little 
work on the development of martensJtLc trans-
fonnation and on the characteristics of the re· 

microstructure. 'I11e work report eel in this 
project was intended to advance the theory of the 
martensite transformation by constructing a compu
ter model of a martcnsitic transformation in an 
idealized system. The model has its source in the 
general observation that the characteristics of 
martensitic transformations in soli.ds are largely 
cletenninecl by the problem of accommodating the 
strain associated with the martensitic distortion 
of the lattice. A review aml aclaption of 
prior theoretical work led to the development of 
a theory which allows a computation 
of the elastic associated with an arbitrary 
distribution of an elastic anisotropic 
body tmdcr the that the body has w1i-
form elastic constants and that anlmnnonic effects 
may be neglected. The relevant equations may be 
cast into a fonn in which the energy is the simple 
swn of binary interactions an elastic 
potential whose fonn can be calculated. 
With the use of this theory the martensitic trans
fonnation is modeled as a transfonnation which 
occurs through the sequential formation of indi
vidual martensitic clements, each of which 
carries the elementary traJlsfonnation strain. 
Statistical equations have been developed which 
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govern the selection of the transfonmtion 
or specific sequence in which elementary 
site particles appear in the model, and which 
specify the kinetics of transfonnations along any 
]Qlmm path. The resul model was then used 
for the detailed simulation of a martensitic trans
formation in a pseudo-two-dimensional system (see 

. 1 and 2) . 

Despite the simplicity of the model, the 
features observed in the simulated transfonnations 
are encouragingly real. The initial martensite 
phase is heterogeneously nucleated and grows as a 
t1vim1ed plate along a definite habit plane. The 
overall transformation occurs through a series of 
bursts which are sequentially as the 
temperature is lowered. These bursts involve the 
autocatalytic nucleation and of martensite 

which may parallel or with respect 
to the original plate. Bands of retained austen
ite are occasionally observed between parallel 
plates lVhich are in an aggregate twin orientation 
to one another. Residual austenite is retained 
to a very late stage in the transformation (see 

. 3) , w1cl is elastically stabilized to the 
extent that w1clercoolings are required 
to eliminate 

* * * 
·:·Brief version of LBL 9204 and LBL-9346. 

address: T. J. Watson Research Center, 
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Fig. 2. ll1ree snapshots of the martensite 
transformation in a two-dimensional 
(a) The nucleation of the an 
internal defect, (b) the growth of the initial 
martensite as a twi1med along a defi-
nite habit, (c) a late stage in the transfonmtion 
shmving twirmed plates and retained austenite, 
some of which appear as bands in the interstices 
between plates. 
[(a) XBL 792-8415; (b) XBL 792-8.:120; (c) XBL 792-8417] 
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4. TWEED AND COARSENING REACTIONS IN SIMPLE 
ELASTIC SOLIDs'· 

Sheree Chen,'l' A. G. Khachaturyan,§ and 
J. W. Morris, Jr. 

Electron microscopic observations of the 
decomposition of alloys very often reveal regular 
substructures which arise during the aging pro
cess. 111ese substructures are formed by new 
phase precipitates whose positions are correlated 
with one another. Regular structures have been 
observed in cubic alloys containing precipitates 
having either cubic or tetragonal structures. 
cllle morphology depends on the structure of the 
precipitate. When the precipitates are tetragonal 
the so-called "tweed" structure is fanned which 
involves an alig11ment along [llO] directions of 
the cubic parent phase (see Fig. 1). lVl1en the 
precipitate is cubic the modulated structure dis
plays an alignment along [100] with a pseudo
periodical spatial distribution. 

The fonnation process of the "tweed" or 
modulated structures was modeled through computer 
simulation of a hypothetical two-dimensional 
elastic solid containing a distribution of 
inclusions taken to be random (see Fig. 2). TI1e 
inclusions are allowed to reconfigure through a 
stepwise diffusion process w1cler the influence of 

Fig. l. 111e "tweed" structure in copper beryllium 
as observed by Rioja and Laughlin. (XBB 803-3100) 

I ·~ f '» 
020 220 

000 200 

,, i b, a, 

Fig. 2. Computer simulation of the "tweed" 
structure in an idealized two-dimensional solid. 
(a) Precipitate structure, (b) diffraction 
pattem. (XBB 803-3101) 



their mutual elastic interaction energy. Utili-
the simulations, it was demonstrated that, in 

agreement with experimental observation, the in
clusions take on an ordered preferential alig111nent 
whose nature depends upon the assumed S}'lmnetry of 
the inclusion particle. Inclusions of cubic 
symnetry align along the traces of [100] planes 
while inclusions of tetragonal symnetry align 
along traces of [llO] planes. The diffraction 
patterns obtained from the computer-simulated 
patterns also bear a substantial resemblance to 
those observed experimentally. 

* * * 
·:·Brief version of LBL- 9098. 
~Present address: T. J. Watson Research Center, 
IBM, Yorktown, New York. 
§Present address: Institute of Crystallography, 
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5. THE HABIT OF A TETRAGONAL PRECIPITATE IN A 
CUBIC MATRIX: Aiw\LYTICAL RESULTst 

E. Kostlan, Sheree Chen,f and J. W. Morris, Jr. 

Analytical results obtained some years ago by 
Khachaturyan show that if a coherent inclusion of 
tetragonal symmetry is placed in a cubic matrix, 
and if the energetics of this inclusion are 
dominated by the elastic strain energy rather than 
by surface terms, then the inclusion will prefer
entially take on the form of a thin plate having 
a definite habit with respect to the parent 
matrix. Khachaturyan obtained a general relation 
giving the elastic energy of such an inclusion as 
a function of its habit orientation, and obtained 
the solution for this equation in special cases 
of high symmetry so as to predict precipitate 
habits. However, the Khachaturyan relation shows 
a rather complex dependence of the predicted habit 
plane on the elastic constants of the system and 
on the degree of tetragonality, and from the form 
of the relation there is no obvious reason to 
suspect that the preferred habit plane can be 
easily predicted. 

In research done under this project it was 
shown that Khachaturyan equations can be cast in a 
simple analytic form which directly determines the 
habit plane which minimizes the elastic energy of 
a thin plate inclusion. Moreover, the habit plane 
is found to depend on the of tetragonali ty 
of the precipitate phase in a very simple way. 
The variation of habit plane with tetragonality 
follmvs one of two characteristic curves, depending 
on whether the anisotropy factor of the parent 
matrix is positive or negative. The t\Vo curves are 
shmm in Fig. 1, m1d have been confirmed by direct 
computer solution of the Khachaturyan equation. 
These results consti tutc a solution to the 
problem of determining the habit of a 
thin plate of tetragonal symnctry in an 
anisotropic matrix, Lmcler the constraint that 
the eias tic constants of the and the 
matrix arc a;>sUJnecl the same. 
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[(a) XBL 792-8203; (b) XBL 792-8204] 
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6. SHAPE AND lli\BIT OF TETRAGONAL PRECIPITATES IN 
ANISOTROPIC CUBIC MATRICES: PARTICLE SIZE AND 
SHAPE EFFECI'S"~-

D. E. Wedge, M. liong and J. 1\'. lv!orris, Jr. 

M1ile linear elastic theory predicts that the 
preferred morphology of a coherent tetragonal in
clusion in a cubic matrix will be that of an arbi

thin plane lying along a specific habit 
the parent, such a morphology is not 

obtainable in the early stages of precipi
tatiOn reactions. Failure to achieve a thin-plate 
morphology is theoretically anticipated either if 
surface tension effects dominate the elastic 
energy, or if crystallographic constraints in pre
cipitate nucleation have the kinetic consequence 
that a thin-plate mOTphology cannot be easily ob
tained. To gain theoretical insight into the 
energetics of these thick elastic inclusions, a 
general computer code has been written to compute 
the elastic energy of such an inclusion as a 
function of its size, shape, habit, and the elas
tic constants of the matrix, based on analytical 
results obtained by Khachaturyan. Questions of 
particular interest concen1 the preferred shape 
of the particle, the favored change in shape with 
increasing particle size during coarsening, and 
whether there is a predicted change in the habit 
of the particle as its thickness increases. 

Computations have been carried out in detail 
for the specific case of early stage nitride pre
cipitation in ferritic steels, since a significant 
bocly of experimental data exists for this case, 
and since the observed habit of the thick early 
stage precipitate differs from that predicted by 
linear elastic theory in the thin plate limit. 
The results of these calculations have been to 
show that there is a change in the most favored 
habit of the precipitate as it is made thicker, 
and that in the special case of nitride precipi
tates the predicted change is identical to that 
observed experimentally. The results also suggest 
that the aspect ratio of thick plate precipitates 
should vary in a systematic way with the precipi
tate size. This result can be phrased as a simple 

relation which is shown to be in excel
"r',""''"''' with the coarsening of nitride 

in ferritic steel, as shown in Fig. l. 
Finally, studies of the variation of precipitate 
energy with particle shape have shown that, com
paring plate-like morvhologies with ellipsoidal 
morphologies to lens-like morphologies, there is 
an energetic preference for the lens figure, con

the three-dimensional extrapolation of 
results obtained by Khachaturyan in the two
dimensional case. 

* * * 
~'Brief version of LBL-10263. 
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particle radius compared with analytic predictions. 
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Fundamental Experimental Studies in Alloy Steels 

1. RESEARCH ON THE COMPOSITION OF AUSTENITE 
PRECIPITATED DURING INTERCRITICAL TEvlPERING IN Fe
Ni ALLOYs·f· 

J. I. Kim 

A variety of important engineering steels, for 
example, the common cryogenic steels and the so
called dual phase alloys of current interest for 
automotive applications, is given an intercritical 
treatment during their processing which has the 
consequence of introducing austenite phase into 
the parent martensite matrix. TI1e stability of 
the precipitated austenite and its subsequent in
fluence on the properties of the alloy is sensi
tive to its composition. It is hence essential to 
the metallurgical interpretation of intercritical 
treatments to identify the composition as the 
precipitation reaction proceeds. This sort of 
chemical characterization is, however, made ex
tremely difficult by the small size of the austen
ite particles, which are in many cases < 1 ]Jm in 
effective diameter. 

In this research project two techniques were 
used to estimate the composition of precipitated 
austenite in an Fe-5.5Ni cryogenic alloy. First, 
a chemical etchant was developed which preferen
tially etches the ferrite phase, leaving the 
austenite particles as a residue. This approach 
has the advangage of giving a 1nean composition of 
the austenite particles in a very straightfonvard 
way, but has the corresponding disadvantage that 



it is not certain that all of the austenite 
parti.cles have been captured, and it is possible 
that chemical contamination has occurred during 
the etching process. The second teclmique em-
ployed WilS transmission electron micro-
scopy. This high resolution permits the 
chemical analysis of individual austenite par-
ticles through x-ray analysis in 
thin foils. The has the advantage of 
exceptionally high , but the disadvan-
tage that the quantative interpretation of the 

spectnun is not yet fully established. 
Moreover, analysis by either technique is, in the 
form used here, confined to the heavier subs ti tu-
tional clements; interstitial solutes 
such as carbon and are not revealed. 

The t1vo methods for analyzing the composition 
austenite qualitative simi-

'I11e results STEM analysis are 
in Table l. 'I11e results three 

conclusions: First, chemical during 
the initial of is domin-
ated by even though nickel 
is the alloying species . Second, 
even when very long armealing times are allowed 
the nickel content in the precipitated austenite 
remains substantially below that predicted on the 
basis of the binary Fe-Ni phase diagram, preswn
ably because of the influence of prior segregation 
in depressing nickel solubility. Third, very long 
mmealing times, approximately 100 hours, are 
required to achieve maximwn nickel contents in 
alloys intercritically tempered toward the lower 
end of the twophase region. Interestingly, as 
shmvn by the data in Table 1, a high nickel pre
cipitated austenite can be obtained much more 
quickly through a two-step heat treatment in which 
the alloy is first treated at relatively high 
temperature to induce chemical segregation, and 
then treated at lower temperature to establish a 

nickel content. This kinetic trick is be-
lieved to be to the success of the so-
called QLT treatment of low nickel cryogenic 
steels, as discussed further below. 
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2. THE SCAVENGING 
LOW CJ\1\BON fe-Ni 

OF RETAINED AUSTENITE IN 

J. I. Kim ancl J. W. Morris, Jr. 

111e influence 
preperties of 

of intercritical on the 

to the presence 
matrix. In steels 
free or carbon 
has the effect 

steels is 
interstitials of parent 
which are essentially carbon 

, an intercritical 
lowering the ductile 

, but does not have the 
on alloy touglmess above the 

In steels which contain a 
concentration of interstitials, on 
the precipitation of austenite during 
critical temper simultaneously lowers the DBTT and 
raises the shelf of the alloy at 
temperatures. 'I11is is preswnably associ-
atecl with the role of precipitated austenite in 
gettering carbon or carbides from the parent 
matrix. 

To investigate these phenomena the scavenging 
effect of retained austenite in a low carbon, 
conunercial Fe- 5. 5Ni cryogenic alloy was investi
gated through the observation of dissolution of 
cementite precipitates during intercritical tem
pering and study of the associated change in 
Charpy impact toughness (see Figs. 1 and 2). 
Cementite precipitates initially located along 
prior austenite grain bouncbries were gradually 
dissolved into reverted austenite as the inter
critical tempering proceeded. The austenite 
tended to form at or around the carbide particles 
and may be catalyzed by their presence. TI1e 
Charpy energy is changed through a decrease 
in the ductile-brittle trm1sition temperature and 
an increase of the upper shelf energy. The latter 

Table 1. Chemical composltlon of retained austenite and 
corresponding x-ray integrated intensity detected 
by EDAX in STEM as a ftmction of thennal treatment.a,b 

intensity 
COWltC 

Fe 
Ni 
!vln 
Cr 
Si 

Fe 
Ni 
/lln 
Cr 
Si 

19324 
1613 

496 
285 

51 

90.4 
6.7 
2.1 
0.7 
0.1 

600°C, 
100 hr 

19838 
1803 

910 
385 

86 

85.5 
9.6 
3.5 
1.2 
0.2 

Note: (a) Total count: 50,000 cow1ts. 

670°C 670°C, 1 hr + 

1 hr 600°C, 1 hr 

20505 14575 
1710 1321 

902 779 
346 612 

56 218 

86.8 84.7 
8.6 9.0 
3.3 3.9 
1.2 2.1 
0.1 0.3 

(b) i\11 values are averaged from a minimum of 5 points. 
(c) !llolybdeniwn is not analyzed. 
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effect is specifically associated with the dissolu
tion of the carbides, which act as preferential 
void nucleation sites in the w1temperecl alloy. 

!"Brief version of LBL-9835. 
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3. THE INFLUENCE OF RETAINED AUSTENITE ON THE 
TOUGHNESS OF FERRITIC CRYOGENIC STEELS. -fl' 

J. W. Morris, Jr., J. I. Kim, C. K. 
B. Fultz 

and 

T11e central metallurgical question in the 
metallurgy of steels intended for low temperature 
use is the reason for the pronounced ductile
brittle transition behavior these steels often 
exhibit and the source of the suppression of the 
DBTT when the steels are intercritically tempered 
to introduce retained austenite. Until recently 
it was believed that the latter phenomenon had a 
fairly straightforward interpretation: The austen
ite, being a relatively soft structure, would act 
to block brittle fracture propagation through the 
ferri tic or martens i tic matrix. T11is interpreta
tion was, however, called into serious question by 
Mossbauer spectroscopic studies at LBL and else
where which revealed that the retained austenite 
is not present during cryogenic fracture; it trans
forms mechanically at a rather early stage in 
mechanical deformation leading to fracture. T11ese 
observations reopened the question of the influence 
of retained austenite on the ductile-brittle 
transition and led to series of Jnicrostructural 
studies under this project which have led to an 
alternate interpretation. 

Tile ductile-brittle transition in ferritic 
cryogenic steels is associated with a shift in the 
fracture mode from ductile rupture to brittle 
quasi-cleavage. In the brittle mode the fracture 
surface shows large, flat cleavage facets which 
are large in dimension compared with the dimension 
of individual laths of dislocated martensite which 
make up the microstructure. Detailed analysis 
shows, however, that the martensite laths are 
organized into packets of many laths. The laths 
within a packet share a conunon crystallographic 
orientation, to the extent that they have an 
essentially common (100) cleavage plane. It is 
hence the packet size rather than the lath size 
which determines the effective grain size of the 
structure and hence the size of the observed 
cleavage facets. The introduction of austenite in 
bands along the lath boundaries appears to break 
up this packet alignment but, in fact, will not do 
so if the austenite is thermally unstable. The 
memory of the martensite transforma.tion is such 
that retransformation of the austenite reestab
lishes the crystallographic orientation of the 
parent packet. If, however, the austenite is 
mechanically transformed during deformation 
mechanical effects override the memory of 
transfonnation and the austenite islands take on 
crystallographic orientations differing from those 
of the parent packet. Tile result is to break up 
the cleavage plane of the packet and hence to 
inhibit the cooperative cleavage of adjacent laths. 
This process, illustrated in the Figs. l 3, sup
presses the ductile-brittle transition temperature. 
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INTERCRITICAllY ANNEAlED 
Fig. l. Scaru1ing electron micrograph of the cross section of a brittle fracture 
surface in Fe-S.SNi, illustrating the cooperative cleavage of lath martensite 
packets, presumably through cleavage along a shared (100) cleavage plane. 
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steel, showing that the laths have essen
identical crystallographic orientation, and 

share (100) cleavage plane. (XBB 796-7884) 
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Fig. 3. Transmission electron microgn1ph of a 
packet of dislocated lath martensite into which 
thennally stable austenite has been introduced by 
intercritical tempering. The austenite was sub
sequently transfonnecl by mechanical deformation. 
TI1e fresh martensite caused by mechanical trans 
fonnation of austenite has a crystallographic 
orientation different from that of the packet, 
causing the breakup of the (100) cleavage plane. 

(XBB 7910- 13860) 
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Alloy Development Research in Ferritic 
Cryogenic Steels 

l. nu; 1\CIIIFVT;/IlENT OF CRYOGENIC TOUCHNESS IN LOW 
!VlAl\lGI\NESE FERRITIC STEEL: 

M. and J. W. Morris, Jr. 

111e steels commonly specified for structural 
applications at LNG and lower temperatures all 
have a relatively high nickel content. \V1lile the 
nickel addition contributes to the 
good low temperature properties of these 
it also adds substantially to the cost. Conse
quently, there is an incentive to develop tech-
niques for or eliminating the nickel 
content of steels while retaining good 
cryogenic Because of the metallurgi 
cal similarity of manganese and nickel in ferritic 
steels, a program of research into the 
potential of ferritic Fe-Mn steel was begun in 
this several years ago. This program 
took two rather different paths, which addressed 
the two distinct t}lJes of ferri tic alloy which may 
be based on the Fe-Ivhl binary. For /vhl contents 
for below about 10% /lh1, the alloys develop a 
dislocated lath martensite substructure resembling 
that of Fe-Ni alloys of similar alloy content. 
For ;\'hl contents in the range 10-14 wt.%, the 
alloys develop a blocky martensite structure with 
an admixture of hexagonal epsilon martensite. In 
previous research it was demonstrated that alloys 
having near 12 wt.% manganese could be toughened 
for cryogenic use by the addition of a small amount 
of boron. The information obtained in the alloy 
development effort which led to that success, how
ever, coupled with our earlier research on the 
cryogenic behavior of Fe-Ni Alloys, suggested that 
it should be possible to obtain good 
touglmcsses at much lower manganese content. 

During the past year it was demonstrated that 
a thermal treatment that combines grain refinement 
with an intercritical temper (the 2BT treatment 
originally developed for use with Fe-Ni cryogenic 
steels) may be used to achieve an excellent com
bination of and toughness in a nickel 
free ferritic steel of nominal composition Fe
Sivhl-0.2Mo-0.02C at temperatures as low as -196°C. 
1he good achieved arc attributed to a 
symbiotic interaction between the grain refinement 
treatment and the introduction of thermally-stable 
retained austenite during tempering, a conclusion 
supported by a comparison of the results to those 
obtained 1vith simple heat treatments. The influ
ence of carbon, manganese, and nickel additions 
to the base compositions was studied. 
carbon content above .~ 0. 04 wt.% causes a deter
ioration in toughness, as does an increase in man-
ganese to 8 wt. %. J'u'1 addition of 1 to 3'" nickel 
is beneficial, giving <m increase in alloy strength 
at -196°C without loss of toughness. 
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The results of this research shmv that it is 
possible to treat low manganese, nickel-free 
ferritic steels so that they have 
nesses approaching that of the connnerical 9Ni 
grades. The comparison is documented in 1 
and 2. 

THERMAL CYCLING - T ( 2BT ) 
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Fig. 1. Schematic of the 2BT treatment as used 
in the processing of the Fe· S~h1 alloys. 
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2. METALLURGICAL INTERPRETATION OF Tl-ffi QLT 
TREATIVIENT FOR LOW NICKEL CRYOGENIC STEELSi' 

J. I. Kim and J. W. Morris, Jr. 

While steels with relatively high nickel 
content, e.g. 9Ni steel, have good properties at 
liquid nitrogen temperature in the quench and 
tempered condition, it has long been knmvn that 
complex thennal treatments are required to estab
lish outstanding low temperature properties in 
alloys which are leaner in nickel. TI1e sophisti
cated heat treatment which has had the greatest 
conunercial success in the processing of steels 
at liquified natural gas and liquid nitrogen 
temperature is the so-called QLT treatment devel
oped by the Nippon Steel Company in Japan. In 
this treatment an alloy containing approximately 
S.5Ni is austenitized, quenched, intercritically 
annealed at a temperature near the top of the two
phase a + y region, quenched and then given a 
final intercritical temper toward the lower end of 
the two-phase range (see Fig. 1). There remains 
some mystery as to precisely what function the 
intermediate treatment served in imparting good 
cryogenic properties to the final alloy. 

TI1e benefit obtainable for the L treatment in 
the QLT sequence was investigated using a combina
tion of transmission electron microscopy to moni
tor microstructural changes and scanning electron 
microscopy to monitor chemical redistribution 
during the treatment. These investigations lead 

WQ 
0 0 

670 C,lhr +600 C,lhr 
(WQ) 

Fig. 1. Comparative transmission electron micro
graphs of Fe-5.5Ni (a) tempered at 600°C for 4 
hours and (b) tempered at 670°C for 1 hour followed 
bv at 600°C for 1 hour the much 
cl~nser distribution of austenite 
in the latter case. (XBB 792-1343) 
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to what appears to be a self-consistent 
of the benefit obtained from the intermediate L 
intercritical anneal in terms of its effect on 
the nature and distribution of thennally stable 
retained austenite in the final product. Speci
fically, if a low nickel alloy is intercritically 
tempered inunediately after quenching, the low 
nickel content of the matrix has the consequence 
that very little austenite is introduced, and 
this austenite is lean in nickel, em-
less very long tempering are used. If 
exceptionally long tempeTing times aTe used, the 
austenite is rich in nickel and theTmally stable, 
but appears in the fonn of relatively large, blocky 
austenite islands dispersed through the 
matrix. The intermediate L treatment, on the 
other hand, creates a segregated three-phase mix
ture of tempered martensite, fTesh martensite, 
and retained austenite. TI1e fTesh martensite and 
the retained austenite are relatively high in 
nickel. M1en this structure is then intercri ti
cally tempered at a lovver temperature, a dense 
distribution of thennally stable austenite is 
created within, and at the boundaries of the 
regions which have a high nickel content. 
The consequence is a dense distribution of 
fine, lath-like stable islands of austenite can be 
created through a short intercritical temper 
following the L treatment. The final microstruc
ture strongly resembles that of intercritically 
tempered Fe-Ni alloys of much higher nickel con
tent. In essence, the effect of the L treatment 
1s apparently to deceive the alloy into behaving 
as if it had a much higher nickel content than it 
in fact does. 

* * * 
i'Brief version of LBL-9956. 

Welding Research 

1. A REVIEW OF TI-IE DEVHOP~'IEN!' OP FERRITIC 
CONS\JlVJABLE FOR TIIE WELDING OF 9% NICKEL 

Kim W. Mahin, J. W. Morris, Jr. and I. 

Since its development in 1944 by the 
International Nickel Company, 9% nickel steel has 
been extensively used for the manufacture of 
liquified gas containment vessels. Its excellent 
toughness and strength make it suitable foT use 
at temperatures as low as -196°C. I-lmvever, the 
excellent pToperties of this mateTial have not 
been used to their fullest due to the current 
necessity of joining 9% nickel steel plates with 
austenitic or modified austenitic weld conswnables. 
TI1e disadvantage in the use of these high alloy 
consumables aye two-fold: theiT high cost de
stroys much of the economic incentive to utilize 
9% nickel steel in preference to alwnimun or stain-
less foT applications, and their 

low prevent the 
taking advantage of the high yi elcl 
of 9% nickel steel in those cases where 
vant codes penni t the use of yield as 

cri teTia, as almost ine.vi t;1hlv do [n 
Europe and in Japan. For these reasons the devel
opment of sui table feTri tic consumables for the 



JOLinng of 9% nickel steel is regarded as an 
important technological problem, is the subject 
of active research in Japan, in the United States, 
and in the Soviet Union. 

To help provide a base for increased 
collaboration in research on this problem, a re
view of prior research on the development of 
ferritic weld consumables in Japan and in the 
United States was prepared as a collaborative 
effort between MMRD personnel and personnel at 
Nippon Kokan KK, a Japanese steel company that has 
been very active in this research. This review 
was then collated with a similar study prepared 
by the personnel of the Paton Institute in the 
Soviet Union and made the basis for discussions 
at the most recent International Cryogenic Mate
rials Conference. The purpose of the review and 
discussions was to identify the most promising 
avenues of future research. Two avenues were 
identified. TI1e first, currently preferred in 
Japanese research, stresses the use of filler 
metals that closely match the base composition, 
m automated gas tungsten arc welding practice 
under carefully controlled conditions. The 
second, which is currently preferred in the United 
States and in the Soviet Union, in part because 
automated GTA welding practice is not so well 
developed in these countries, is the use of chem
ically modified ferritic consumables for gas metal 
arc welding practice. Promising results have been 
obtained with both approaches to the development 
of ferritic consumables, and continued research 
appears to offer a high probability of success. 

* * * 
j:Bricf version of LBL-10129. 
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2. A STUDY OF FERRITIC WELD DEPOSITS IN Fe-9Ni 
STEEL-t-

Kim W. Mahin 

LBL research toward the development of a 
ferritic weld conswnable for Fe-9Ni steel has 
concentrated on consumables suitable for the gas 
metal arc process and has focused particularly 
on the microstructural analysis of factors in
fluencing low temperature toughness levels in the 
weld deposit and heat affected zone. To date four 
ferritic 1vire compositions have been analyzed, 
which differ primarily in their contents of molyb
denwn, silicon, titanium, and alwninum. All are 
ll to 12 wt.% nickel ferritic weld consumables. 

Microstructural and Auger spectroscopic 
analysis of test weld consumables appears to show 
three major sources of brittleness in the weld 
deposit: weld defects, which are particularly 
severe when the weld consumable contains an in
adequate concentration of deoxidizers, variation 
in the types of inclusions present and their 
morphology, and the large, columnar dendrite struc
tures characteristic of weld deposits, which 
appear to offer relatively easy fracture paths 
along the boundaries of the columnar dendrites. 
The first two of these problems appear to have 
straightforward solutions, at least in the labora
tory sense. The association between the preferred 
fracture path and the dendrite structuTe is, how
ever, more subtle and TequiTes fuTther investiga
tion. AugeT spectToscopic analysis of weld 
fTacture surfaces has veTified that fTactuTe 
occurs by cleavage through the dendTi tes, as shovm 
in Fig. 1. tvlossbaueT analysis of weld suTfaces 
reveals the absence of retained austenite, a 
puzzling featuTe since some austenite is pTesent 
in materials given a weld-like thermal cycle in 
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Fig. 1. Auger spectra of isolated 
points on brittle fracture surface 
in an 11-Ni ferritic welclment 
showing branches of the fracture 
through regions of different chemi
cal composition. TI1ese regions 
correspond to differing locations 
within columnar dendrites. Points 
1, 2, and 3 refer to various regions 
in the dendrite. Point 3 is taken 
from the dendrite core region, 
whereas points 1 and 2 are located 
nearer the inner dendrite region. 
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the absence of constraint. The association be-
tween the fracture path and chemical 
segregation in weld dendrites is tmder continued 
investigation, as are methods of accomplishing the 
refinement of the weld metal structure through 
sophisticated use of the welding process. 

version of LBL-10130. 

3. \\IELDABILITY STUDIES ON GRAIN-REFINED Fe-l2Ni
O. 25Ti FOR LIQUID 1-IELIUlvl USE·r 

D. E. Williams 

Research conducted at LBL some years ago 
established the possibility of thermally process
ing an Fe-l2Ni-0.25Ti ferritic alloy to establish 
an extremely fine grain size with the consequence 
that the alloy remains tough at liquid helium 
temperature. Such an alloy may possibly find im
portant applications in superconducting magnets 
and other devices intended for use in liquid 
helium, but, inasmuch as the most interesting of 
these applications require the alloy to be used 
in welded structures, procedures for welding this 
material without destroying its cryogenic proper
ties must first be established. To initiate re
search along these lines an investigation was 
made of the possibility of welding the alloy with 
Inconel No. 92 filler metal. Inconel 92 is a 
very high alloy austenitic filler metal which was 
attractive for initial studies since it seemed 
safe to assume that this material would be tough 
at 4 lC in the as-welded condition, with the con
sequence that plates welded with this alloy should 
remain tough unless their toughness is eliminated 
by embrittlement of the heat-affected zone. 

Plates of Fe-l2Ni-0.25Ti were grain refined by 
the conventional 2B grain refinement thermal 
treatment and welded with Inco 92 using the gas 
metal arc welding process with argon-15% helium 
gas shielding. For comparison purposes the alloy 
was also electron beam welded without filler 
metal addition, using both a single pass and a 
double-sided two pass welding process. The weld
ments were radiographed in sections and Charpy V 
notched specimens removed for testing at both 
liquid nitrogen and liquid heliwn temperatures. 
The results demonstrated very poor toughness in 
the electron beam welclment. However, the gas 
metal arc welclments exhibited toughness of 50 to 
90 ft lbs. in both the weld metal and the heat 
affected zone in liquid helium, suggesting that 
reasonable cryogenic touglmess could be estab
lished. Since there is considerable ambiguity in 
the proper conduct and interpretation of touglmess 
tests involving the heat-affected zone in weld
ments, these results are not regarded as definitive, 
but do offer considerable encouragement that weld 
filler metals and weld procedures can be estab
lished to pennit the use of ferri tic cryogenic 
steels in welded structures at 4 K. 

* * * 
'fBrief version of LBL-1 025c1. 
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Superconductivity Research 

1. tv!ONOLITHIC PROCESSING OF V-Ga SUPERCONDUCTORSt 

tv!. I long and D. Di ctderich 

The A-15 superconducting phases have pronnsmg 
superconducting properties but are intrinsically 
brittle. Hence special processing techniques must 
be used to fonn them into wires or tapes. The 
metallurgically simplest method of wire manufac
ture involves casting an ingot of desired composi
tion and extruding or drawing the case material 
into a wire. Virtually all conducting wires, in
cluding ductile Nb-Ti superconducting wires, are 
manufactured in this way. It is possible that 
variations on conventional wire-making practice 
may also be used for manufacture of A-15 supercon
ducting wire or tapes. 

A monolithic process has been successfully 
developed in this laboratory to produce supercon
ducting wire from the V-Ga system by controlled 
precipitation of A-15 V3Ga phase inside the bee 
matrix of a V-rich solid solution. Ingots of V-17 
to 19 at.% Ga were prepared by arc melting, homo
genization, and quenching, were deformed at 
intermediate temperature into tape, and were 
then aged at temperatures in range 600 to l000°C 
to precipitate the A-15 phase. Critical tempera
tures of approximately 14.8 K were found in mate
rials aged for the appropriate time at tempera
tures of 750°C or below. This critical temperature 
compares favorably to the maximum previously 
obtained in the vanadium-gallium system. Research 
is currently in progress to increase the maximum 
amount of high quality superconclucting phase 
obtainable in the cross section so as to produce 
a wire with promising current-carrying character
istics. 

* * * 
tBrief version of LBL-10007. 

2. THE ATTAINMENT OF !-!I GI-l CRITICAL TEMPERATURES 
IN V-Ga MONOLITHIC WIRE THROUGH DIRECT PRECIPI
TATIONt 

M. !long and D. Thetderich 

Research on the monolithic processing of V-·Ga 
superconclucting wires has shown that it is pos
sible to obtain very high critical temperatures 
(near 15 K) by direct precipitation in a vvire or 
tape which has previously been severly worked. 
This result was initially surprising for two 
reasons: first, the equilibrium phase diagram 
of the vanadium-gallium system predicts that the 
A-15 phase precipitated from a vanadium-rich solid 
solution will deviate from V3Ga stoichiometry to 
the vanadium-rich side, hence having a relatively 
low critical temperature. It is experimentally 
found, by contrast, that quite high critical 
temperatures may be obtained. Second, the 
equilibriwn phase diagram further predicts that 
the deviation from stoichiometry wiJJ become more 
pronounced as the aging temperature is lowered. 
It is experimentally found, by contrast, that very 



high critical temperatures are more easily obtained 
at lower temperatures, and that the optimum 
aging temperature lies in the range 600 to 750°C, 
a relatively low temperature in the v~macli lun
gallilUn system. More detailed investigations were 
undertaken to interpret this behavior. 

Further research showed that the critical 
temperature of the directly precipitated A-15 
vanadium-gallillin phase depends upon the time 
as well as the aging temperature. Representative 
results are shmvn in . l. The data reveal that 
the critical temperature increases to a maximlUn 
and then decreases with longer aging time. Both 
the time and temperature dependence of the cri ti
cal teJmJerature bear an intriguing resemblance to 
curves of strength vs. aging time in precipitation 
hardening structural alloys. The interpretation 
of this phenomenon almost certainly lies in devia
tions from equilibrillin behavior. l\ thermo
dynamic argllinent originally clue to J. 1V. Gibbs 
seems to suffice. l\s illustrated in Fig. 2, the 
initial precipitates formed on precipitation from 
a supersaturated solid solution is thermodynami
cally anticipated to have a composition governed 
by the requirement of equal chemical potential, 
rather than the composition indicated by the 
equilibrilUn phase diagram. TI1is has the conse
quence that the precipitate formed on initial 
precipitation from a highly supersaturated solution 
will tend to be relatively rich in solute, and in 
the case of V-Ga, is likely to be more stoichio
metric than the equilibrilun phase diagram would 
predict. As the precipitates are allowed to 
"overage" and approach equilibrium, their composi
tions will tend to take on that indicated by the 
equilibrium phase diagram. In the case of the 
V-Ga A-15 phase, where deviations from stoichio
metry are associated with decreases in critical 
temperature, one would then expect that the criti
cal temperature will decrease, as is eA1)erimen
tally observed. It is hoped that the phenomenon 
may be utilized to create superconducting wires 
of exceptional properties through direct precipi
tation processes. 
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Fig. 1. The superconducting temperature of a 
V-17.5% Ga alloy deformed and then aged 
cipitate the A-15 phase. (XBL 
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. 2. Schematic illustration of Gibbs free 
energy vs. composition for a given aging tempera
ture, showing the predicted solute enrichJnent in 
the precipitate phase when formed from a highly 
supersaturated solution. (XBL 793-5877) 

* * * 
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RESEARCH PLANS FOR CALEl\JDAR YEAR 1980 

Theoretical studies. It is anticipated that 
the major thrust of our theoretical research under 
this program during calendar year 1980 will con
tinue to focus on the influence of elastic energy 
in solid state phase transformations, including 
particularly martensitic transformations and solid 
state precipitation reactions. Outstanding prob
lems under investigation include the simulation 
of martensitic transformations in Jnore realistic 
two-dimensional cases and in three dimensions, the 
theoretical solution of predicted coherent preci
pitate habits in cases involving precipitate
matrix symmetry combinations other than tetragonal/ 
cubic and the investigation of teclmiques for in
corporating elastic modulus differences into the 
Khachaturyan theory of elastic interactions. 

Fundamental experimental research in the 
metarlurgy---o:f- alloi steels:----rC:lsi.ffi-ticipated 
that fundamental studiesfn steel metallurgy will 
expand considerably during calendar year 1980, 
Key problems identified for investigation include 
the Tole of chemical additives in modifying or 
destroying packet alignment in dislocated lath 
microstructures, a problem whose successful solu
tion might CTeate the possibility of developing 
outstanding structural alloys with very simple 
heat treatment; the grain boundary chemistry of 
chemically modified austenitic steels, a problem 
whose solution might help to overcome serious 
sensitization problems 8A'J)erienced with available 
austenitic alloys; and Mossbauer spectroscopic 
studies of magnetic transitions in austenitic 
steels at very low temperature, a problem whose 



solution may resolve a set of curious anomalies in 
the mechanical behavior of austenitic cryogenic 
steels at temperatures near 4 K. 

.,c-·-,,.~·c-c-·r~····.C.-·-~····-r,~e~~s~e-~a~r .. ~c-~h.. It is anticipated 
research during calendar 

concentrate on the exciting new 
class of low manganese ferritic cryogenic steels 
developed during the previous year's research and 
currently in the process of being "D1e 
research will concentrate on the 
properties of these steels and their response to 
chemical modification in the hope of identifying 
still alloys for heat treatments. 

That portion of LBL welding 
be carried out under this 

calendar year 1980, will continue 
development of advanced welding 

ferritic structural alloys to be 
used at cryogenic temperatures. It is also 
anticipated, however, that this project will in-
volve an complement of fundamental 

investigation into the detailed 
structure of welclments, the segregation of solute 
species within wclclments, and the thermal histor· 
ies experienced by the welclment and the base metal 

to the weld with the intent of devising 
teclmiques for using that thermal history to im· 
prove the properties of welded plates. 

Superconductivity research. It is anticipated 
that-suJ:-lerconaucTI vi ty -research during calendar 
year 1980 will continue to address the problem 
of manufacturing superconducting wires through 
monolithic processes which employ direct 
precipitation. A key problem is the development 
of wire drawing procedures for supersaturated solu
tions of A-15 forming elements so as to achieve 
exceptionally high dislocation densities, and 
create the possibili of depositing reasonable 
volume fractions of quality superconducting 
phase. 111e research also move away from V-Ga 
system to address the applicability of monolithic 
processing techniques to other A-15 forming com
pounds of particular promise which are incapable 
of manufacture by the currently popular "bronze" 
process. 
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1. CROSS SECTION TRJ\l'-!Sf-IISSION ELECTRON MICROSCOPY 
AS A POWERFUL NEW TECHNIQUE FOR THE STUDY OF 
DEFECTS IN THIN SURB\CE UWERS :· 

J. Washburn and D. K. Sa dana 

The secondary defect structures derived from 
the introduced by ion implantation and 
subsequent furnace, laser, or electron beam 
mmealing has been studied by several workers using 
transmission electron microscopy (TH'l). However, 
the TE!\l specimens have usually been prepared in 
the conventional manner (plane of the foil being 
parallel to the implanted surface) . f\s a result, 
only damage distribution in "plan" view could be 
obtained. Although much useful information con
cerning defect structures has been obtained and 
characterization of many defects has been carried 
out, the depth distribution of the defects was 
difficult to ascertain even from stereo-microscopy. 
This is especially true for cases where either two 
discrete layers of defects separateG by a defect
free region were present or where the defects of 
interest were buried w1der another dense band of 
damage. 

TI1e present work has been aimed at the 
development of a new specimen preparation tech
nique pennitting the damage distribution to be 
observed in 90° cross-sectional view. For this 
report, we have chosen three exan1ples to demon
strate the power and usefulness of the technique 
developed. All the examples shown here are for 
p+ implanted (111) Si, implanted at 120 ].ev. The 
cross-sectional micrographs shown in Figs. 1-3 
were taken using strong-beam bright-field con
trast and all the plan-view micrographs were 
taken using weak-beam dark-field contrast 
methods. Figure l(a) shows a cross-sectional 
micrograph for an implantation dose of 5xlo14jcm2 
implanted at RT m1d subsequently furnace aJmealed 
at 950°C for 20 minutes. The micrograph shows two 
discrete layers A and B, each containing disloca
tion loops. the depth distribution infonna
tion from the cross-sectional view, it was possible 
to prepare plan-view specimens corresponding to 
each damage layer. TI1e TEM plan-view micrographs 
for each separate layer are shown in Figs. lb a11d 
lc. The detailed weak-beam, dark-field analysis 
of the defects from the plan -view specimens showed 
that layer A contained three sets of inclined 
a/2<117> type loops and only one set of a/3<111> 

loops lying on the (111) plane parallel to 
plane of the foil. TI1e second layer, B, con· 

tained three sets of inclined a/2<110> type loops 
and all four sets of a/3<111> tNJe loops. The 
loops in both layers were interstitial in nature. 
Such detailed information concerning the defects 
in each separate layer could not have been easily 
obtained without the cross-sectional micrographs. 

* TI1is work was supported by the Division of 
Materials Sciences, Office of Basic Energy 
Sciences, U.S. Department of fnergy. 

Figure 2a shows a cross-sectional micrograph 
for a specimen to a dose of 1olS p+ /cm2 
at 100°C and subsequently furnmlCe-annealed at 
850°C for 20 minutes. The micrograph shows a bartd 
of defects, C, and a discrete layer of dislocation 
loops, D. The bottom edge of band C and the top 
edge of D were by a damage-free 

because the presence of layer C 

0.4 pm 
Fig. l. P'"->-(111) Si, 5 X l014;cm2, 120 J.:eV, RT, 
Ta-950°C. (a) TEM 90° cross-sectional bright· 
field micrograph shmving two discrete layers A and 
B containing dislocation loops. (b) TEM plan-view 
weak beam micrograph corresponding to layer A. 
(c) TEll! plan-view weak-beam micrograph correspond
ing to layer B. (XBB 790 -15810!\) 



was knmvn from . 2a, layer D could be revealed 
in the plan-view micrograph by removal of C 
by ion-beam (Fig. 2c). Plan-view micro-
graphs showed that C (Fig. 2b) contained 
twin lamellae, dislocation net1·1ork, stacking 
faults, etc. , and D contained three sets of 
inclined a/2<ll0> type loops and all four a/3<111> 
type loops. All the loops were interstitial in 
nature. 

Figure 3a shows a TE~l cross- sectional micrograph 
for the specimen tmplantecl w1cler similar conditions 
but subsequently laser-cumealed at 0. 7 J/cm2. 111e 

pm 

Fig. 2. p++(lll) Si, l015/cm2 , 120 keV, Ti ~ 
l00°C, Ta ~ 850°C. (a) TEM 90P cross-sectional 
bright- field micrograph shmv•ing a band of dcunages 
C and a discrete layer of loops D. (b) TB! plan
view weak-beam micrograph corresponding to layer 
C. (c) TB-1 weak-beam micrograph corre-
sponding to (XBB 790-
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micrograph shows a L con-
tinuous from tl1e surface rect contact 
with a damaged layer F. corresponding 
plan-view microgrilph revealed only polycrystalline 

~1000 .1\. across . :)b). FTom the cross-· 
sectional micrograph, the depth to 1vhich mel 
had occurred during laser anneal could be 

measured. 

The technique !'or cross-section Tnl 
specimens of Si ancl other semiconductor 
materials hils been to the point that 
even very thin of the order of 
100 A thickness can be detected. The technique 

to be important to the under-
of electrical property associated 

with laser and electron beam of thin 
surface layers. 

version of LBL-i008, LBL-9209, ancl LBL-9793. 

3a 

pm 
Fig. 3. p",(lll) Si, Jol5jcm2, 120 ;,"::;V, Ti ~ 100°C, 
L.A. ~ 0.7 J/cm2. (a) Tfill 90° cross-sectional 
bright-field micrograph showing a polycrystalline 

E on a heavily damaged layer F. (b) TEll! 
dark- field micrograph shml'ing the poly--

crystal grains. (XBB 790 15810C) 



2. ON THE INTERPRETATION OF CH~\J'NELED 

RUTHERfORD BACKSC\TTERJNG YIFLDS FROl'>l f.llJLTJU\YER 
SUBSURFACE DAI\!J\GE 

J. Washburn and D. K. Sadana 

Rutherford backscattering using a channeling 
orientation has been used extensively to detect 
lattice disorder and depth distribution. 
However, this method alone is of 
the detailed information concen1ing the nature 
the clisorcle" that can be obtained by transmission 
electron microscopy. Also, when more than one 
buried damage exists, quantitative inter-

becomes difficult. TI1e present work 
was aimed at improving the of 
channeled RBS results when more than one damage 

is present. Cross- sectional TEM specimens 
were prepared from the same specimens used for 
cha1melecl RBS observations. The used 
were high close rate p+ imJ?lantecl wafer implan-
ted to a dose of 7. 5 x lQiS I cm2. TI1ese implanta
tion conditions provided several types of secondary 
damage structures in the same wafer due to non
llilifonn beam heating effects. Multicolored 
appeared at the surface due to interfer-
ence effects at subsurface 1vhere 
changes in rcfracti ve index occurred. TEll! 90 ° 
cross-sectional specimens were prepared to obtain 
damage-depth distribution for each The 
nature of the damage was further by plan-
view specimens. The damage distribution beneath 
each particular band was fmmd to be entirely 
different from that present beneath the adjacent 
color band as can be seen in . l- 4. 01anneled 
RES measurements were then also taken from each 
individual color band and the results were com
pared with the TBI results. 

Figures 1-4 show that there was a good 
qualitative correlation between the results ob
tained by the two methods . 111e discrete damage 
layers as seen by TEM appear as discrete damage 
peaks in the channeled TillS The extent 
of disorder as revealed by cross-section 
micrographs, also indicated by the diffraction 
patterns, correlated well with the 
yield values obtained for the chmmelecl spectra. 
For example, the first damage layer D1 under the 
green band contained more disorder as compared to 
that in the first layer under the 
violet band and vice versa for second damage 

111e values in the 
"'·'u'"'-L'-U TillS spectra followed precisely the 

same patten1. However, further comparison of the 
TEM and channeling data for the layers 
showed that, although the mem1 depth values for 
the damage layers obtained from the two methods 
were in close agreement the widths of the damage 
layers calculated from channeling data were 
consistently greater. 

It was observed that clechanneling of the beam 
clue to interaction with the disorder nearer the 
surface gave a backgrmmcl superimposed on the 

clue to the deeper damage at longer wave
T1le dechanneling associated with the 

peak had a background on the lower energy 
side which was approximately half the 
amplitude of the surface peal<:. containing 
single buried d<cnnage layers were also follilcl to 
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have this backgrollilcl on the lower energy side of 
the peak, also half the magnitude of the 
height. CD1erefore, for calculations of width 
of a second or third peak, the backgrollild level 
clue to each scattering peak was assunecl to be 
independent of that from the others and to have 
a magnitude of half the height of that peak at all 
lower energies. For peaks clue to buried layers 
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of damage, the width of half-maximlun was taken at 
a scattering yield half 1vay between the backgrow1el 
resulting from all the higher energy peaks and the 
top of the peak in question. The procedure is 
schematically shown in Fig. 5. 'l11e damage 
widths calculated after this background subtrac ·· 
tion were then in close agreement 1vi.th the TE:-.1 
results. 
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* * * 
version of AIP Conference Proceedings on 

the Laser and Electron Beam Processing of Mate
rials, November, 1979. 

3. Li\SER ANTI ELECTRON- BE/\Jvl J\1\lJ\lEALING EFFECTS IN 
GALLlUil! ARSENIDE t 

J. Washburn and D. K. Sa dana 

High-energy, short pulse-length laser 
electron beams are being used with increasing 
success to recrystallize high-dose ion-implanted 
amorphorous layers in Si and Gal\s. This process 
is of particular interest for Gal\s device fabri
cation where post-implantation annealing at 
temperatures above 800°C requires either an inert 

, such as, Si3N4 or Siz or a suitable 
ambient pressure of As and Ga. By suitable choice 
of laser or electron beam parameters (such as the 
energy, the pulse length, etc.), epitaxial 
regrmvth of the damaged by implantation can, 
in principle, be carried out either in the solid 
phase or by melting without requiring any protec
tive layers. However, the mechanism of regrowth 
is not yet understood. This work was aimed 
at studying the regrowth behavior of different 
types of damage structures having different depth 
distributions in ion-implanted Gal\s and Si on 
subsequent pulsed electron or laser beam annealing. 

Callilun Arsenide 

Cr-doped (100) Gal\s crystals 
300 LeV Kr+ ions in a non

chmmeling direction. This resulted in a continu
ous amorphous layer ~noo A thick extending from 
the surface (Fig. . After a pulsed electron 

at 0.4 J/cm2, a surface layer ~1350 A 
thick converted into polycrystalline material 
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ELECTRON BEAM AN~~EALING OF Kr"" IMPLANTED GoAs 
TEM 90° Cross-section M1crogrophs 

as implanted 04 J/cm 2 0 7 J/cm 2 II J/cm 2 

pm 

Fig. 1. TEl\! cross sectional micrographs showing the electron beam armealing 
sequence for Kr+ implanted GaAs [Kr++(lOO) GaAs, lo1Sjcm2, 300 keV, Ti = RT]; 
(a) as-implanted; (b) 0.4 J/cm2; (c) 0. 7 J/cm2; (d) 1.1 J/cm2. 

which was in direct contact with a heavily damaged 
layer ~800 A wide immediately below it (Fig. lb). 
This indicated that melting occurred during the 
armealing and that the melted region then regrew 
on top of a still heavily damaged deeper layer, 
resulting in the polycrystalline surface layer. 
At 0. 7 J/cm2, dislocations looping dm,~1 from the 
surface were seen to a depth of ~2200 A in single 
crystal material (Fig. lc). T11is indicated that 
the melting this time went deeper than the depth 
of the as-implanted amorphous layer and that 
solidification resulted in epitaxial regrowth of 
single crystal material containing some disloca
tions. At 1.1 J/crn2 microcracks at the surface 
were formed, and a dislocation net1vork now extended 
to a depth of -1. 5]Jm into the material (Fig. lcl). 
The depth of the region with dislocations, in this 
case, is much deeper than the depth of the molten 
zone. This is evidence for high transient thennal 
stresses below the li.quid/soli.d interface during 
the pulse. 

Silicon 

Amorphous layers in Si are also converted into 
polycrystalline material at a laser energy of 
0. 7 J/cm2 (Fig. 3a in clrticle l). 

In order to understand the effect of the 
crystallinity of the surface region on energy 

(XBB 799-12447) 

absorption during pulsed annealing, wi.th 
a buried of damage clusters in the as 
implanted condition where chosen (Fig. 2a). This 
kind of damage configuration was achieved by im
planting p+ into (111) Si in a noncharmeling 
direction at a close rate of ~o. 8 m!\j cm2 I sec so 
that the temperature during implantation in
creased to ~:;souc. On subsequent laser annealing 
at 0.7 J/cm2, this remained practically 
w1affected . 2b). This is in contrast to the 
result for amorphous where the surface 
layer converted into polycrystalline material 
(Fig. 3a in <Jrticle 1). At 1.5 J/cm2, however, 
a high density of stacking faults and dislocations 
extended from the surface to a depth of ~1800 A 
and was in direct contact with a dense fine struc
ture of defects ~300 A wide (Fig. 2c), indicating 
that melting occurred during the armealing but 
that the molten zone did not extend deeper than 
the tail of the as-implanted damage distribution. 

The results described in this report are 
examples of the diverse secondary damage structures 
that can result for laser or electron beam anneal 

J\ more complete understanding of the effects 
nwnerous variables will application of 

electrical measurements, TEM, and surface
analytical techniques to the same specimens. 
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a b 0.7 J/cm 2 c 

r~~~~"1 

0.4 f!-m 

F~g: 2. THI ~ross~ sectional micrographs showing the laser annealing sequence for 
P" lmplanted Sl [P+>(Lll) S1, S x 1Ql5jcm2, 120 keV, Ti = 350°C]; (a) as-implanted; 
(b) 0.7 J/cm2; (c) 1.5 J/cm2. (XBB 790-14331) 

* -~ * 
version of LBL-9793 and AIP Conference 

on the Laser and Electron Beam Pro
Materials, November 1979, and 
Effects~' 315 (1979). 

4. EFFECT OF IiVfPLJ'u\!Tf\TION TEMPERATURE ON ION
IiVlPLJ'u\lTATION DI\Jv!ACE IN SILICON: 

R. Drosd and D. Sadana 

The introduction of a high-energy ion into a 
substrate causes disorder along its 

trajectory in the lattice. The extent of 
disorder and the length of the damage? 
do not overlap; each damage track can be 
as a small cluster by TE~L As the? dose is 
increased, the cl~mage tracks overlap 
to form amorphous regj.ons. Since the clistri.bution 
of the implanted ion ancl hence, the damage? has a 
Gaussian , the close at 1vhich an 
amorphous region to form 1vil1 occur just 
under the surface, a buried amorphous 
near the peak of the Gaussian distrihution. Fig
ure la shows a TE'l 90° cross-sectional micrograph 
for a p+ (lll) Si, implanted at 120 f.:eV 
to a close 5 x lo14jcm2 at RT. The micrograph 
shows the presence of a buried qmorphous layer. 
As the close is increased to lo15jcm2, the width of 
the amorphous layer increases and extends to the 
surface, a continuous amorphous 
This is shm,~1 in F.ig. lb. 1\ny further increase in 
the close creates only minor changes in the damage 
structure or its distribution. llowever, i.f the 
temperature of either is increased 

or due to ion beam heat-
implantation, the critical dose 

amo11Jhous regions beg:tn to lorm w1ll 
increase because of of the 
damage tracks clur ing the 1\n ex 
ample of such behavior is . lc where, 

although the close has been increased to 2.5 x 1015 
/cm2, clue to beam heating, the as-implanted speci
men does not show a continuous amorphous layer. 

a thin (~150 A) surface layer still 
remains crystalline. The temperature during the 
implantation was estimated to have increased to 
~zoooc. Further increase in the implantation 
temperature to 400°C resulted in a buried layer of 
clusters (Fig. lcl) but no mnorphous layer even 
though the close was increased to lol6jcm2. 

Detailed investigations carried out using 
conventionally prepared plan-view specimens showed 
that the recrystallization of the continuous amor
phous (u) layer type structures in low-temperature 
implanted (111) Si (Fig. lb) causes the formation 
of microtwins on subsequent furnance annealing at 
800°C for 1/2 hour (Fig. 2a). However, for (100) 
substrate only dislocation loops were 
present after an identical armealing treatment. 
Furthermore, if the was carried out 
at temperatures ~150 , a dislocation network 
along with a few isolated dislocation loops was 
formed for both (111) and (100) substrate orienta
tions. 

It was observed that interface roughness 
increases with the temperature at which the im

is carried out. Dark-field Tbv! micro-
graphs of but tmannealecl specimens 
exhibit "speckles" in the region of o./C 
interface but not in the o. layer itself. These 

reveal regions where crysta11ine sili 
into the o. layer and hence their size 

gives an inchcation of the scale of the interface 
rouglmess. The size of the bright spots and their 
contrast was fmmd to increase for 1m-

at elevated temperatures. cross-
sectional micrograph revealed the presence of a 
thin layer at the surface (Fig. lc) . 
Therefore, the effect of implm1tation temperature 
on regrowth behavior during subsequent fumance 



annealing appears to be associated with the rough
ness of the as-implanted cx/C interface, whether 
or not all crystallinity has been completely 
eliminated at the surface. 

a RT b. 

70 

version of LBL-9990 and AIP Conference 
Proceedings on the Laser and Electron Beam 

of l\laterials, November 1979. 

d 

Fig. l. TEM cross sectional micrographs showing the distributions for 
p+ implanted into (111) Si lillder different implantation 

(XBB 7911-15811) 

Fig. 2. TBI plan-view micrographs showing the effect of orientation and implantation temperature in P+ 
implanted Si on subsequent furnace annealing at 800°C for 1/2 hour. (a) Substrate orientation _, (111), 
Ti = 100°C; (b) Substrate orientation-> (100), Ti = 100°; (c) Substrate orientation-> (111), Ti 193°C; 
(d) Substrate orientation~ (100), Ti 193°C. (XBB 802-



5. A NEW EXPERI!VIE!'.'TAL TECHNIQUJ; FOR STUDYING T!IT~ 
REGR01VT!l OF AMOEPHOUS LAYERS IN SEMI COfwlJCTORS ! 

J. Washburn and R. Drosd 

A new e"lJerimental teclmique , using the 
transmission electron microscope (TEM) , has been 
developed that makes possible the observation of 
the fonnation and gro\\rth of lattice defects during 
annealing of an amorphous (u) layer. In addition, 
measurements of recrystallization rate and its 
temperature dependence can be conveniently made. 
This is the first time that a. layer 
tion has been studied in the THL 

To perform this e:Aperiment a standard TEl\! 
specimen is made by chemical from the 
unimplanted side of an unnannealed which 
contains an amorphous surface layer until a small 
hole is formed. This results in a portion of the 
amorphous (Ci.) layer that is no longer in contact 
with the crystalline substrate, as shmvn in 
Fig. la. During a1mealing the inter-

a. 

b. 

C. 
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face rotates away from the plane of the wafer and 
sweeps across the unsupported portion of the u 

as seen in Figs. lb and lc. Sequential 
micrographs of the same area may be taken to 
measure the G. crystal transfonnation rate. 
Since different points along the interface are 
converging towards the center of the specimen all 
growth directions in the plane of the wafer may 
be observed. Figure 2_shows the [2ll] and [llO] 
grm,rth directions in (lll) specimen. The a. layer 
was produced by 100 kV, l016jcm2 phosphorous ion 
implantation. Figure 3 displays the recrystalliza
tion rates for silicon, for the [100], [llO], and 
[111] growth directions. The activation energy 
was 2. 9±0 .l eV for all growth directions. This 
experimental teclmique can be used for other semi
conducting materials containing surface amorphous 
layers. 

* * * 
version of LBL-9990. 

/et./C Interface 

ct./C Interface 

cx/c Interface 

I 

l. A schematic am1ealing sequence of a thin 
l specimen undergoing rpr·r·.rc;T 

(XBL 799-7152) 



Fig. 2. Transmission 
amorphous silicon 
Micro- t1vins arc 
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(B) 

electron micrographs o[ annen sequences of 
inthe<ll2>, (a), and<liO>, (b), clirections. 

in both ization directions. 
(XBB jC)() i'ILill3) 
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Fig. 3. A plot of recrystallization rate vs. 
temperature of amorphous silicon in the three major 
cubic directions. (XBL 799-7155) 

6. A MODEL FOR REGROWTH OF AMORPHOUS SILICON tlmCII 
EXPLAINS THE ORIENTATION DEPENDENCE OF REGROWTH 
PATE AND THE NXTIJRE OF THE RESIDUAL DEFECT POPUL-1\
TIONr 

J. Washburn and R. Drosd 

A model has been developed for the 
recrystallization mechanism of an amorphous (o:) 
silicon layer in contact with a crystalline sub
strate that successfully predicts the t)'l)e of 
defects produced during annealing. In addition, 
the relative migration rates of the amorphous/ 
crystalline (o:/C) interface in the major crystal
lographic directions is now understood. During 
recrystallization of silicon wafers containing o: 
layers (fanned during low temperature implantation) , 
it has been observed that twins are formed if the 
substrate orientation is (lli) while only a low 
density of dislocation loops is found if a (100) 
wafer is used. In addition, the recrystalliza-
tion rate is approximately 15 times slower for 
(lll) substrates than for (IOO), with (llll) 
in between. 

The new model is based on the ability of an 
atom leaving the o: phase to find a stable bonding 
site at the crystal surface. To do this, the 
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incoming atom must complete two of its four 
possible bonds with the established crystal. On 
the (100) silicon surface a single atom may suc
cessfully attach itself to the crystal; but, on 
a (110) surface, a pair of atoms is required; and 
a cluster of three is needed on a (111) face. 
]11e schematic drawing in Fig. 1 is a [llO] pro
jection of a diamond cubic lattice where the 
critical size nucleus on each crystal face is 
shmm. On the (lll) face it is seen that there 
are two positions in which the group of three 
atoms can attach. In the one labeled "correct" 
the crystal has been continued, defect free. The 
nucleus labeled "incorrect" would start the growth 
of a twin. Since the atoms in the twin-oriented 
nucleus make only second nearest neighbor mis
takes with atoms in the established crystal, twin 
mistakes are expected to occur frequently. Stack-

mistakes on the (100) or (110) surface would 
involve first nearest neighbor mistakes and hence 
are unlikely to occur. 

From consideration of the number of atoms 
required to form a stable surface nucleus at the 
o/C interface it would be expected that the [100] 
regrmvth rate would be fastest, followed by [110] 
and then [Ill]. TI1is is what is found experimen
ta11y. TI1e e.x:perimental fact that twins and 
stacking faults are only found after recrystal 
lization of an a layer on (111) substrates is also 
e:A'J)lained by the model. 

Fig. l. A schematic <110> projection of the dia
mond cubic lattice showing the minimum size stable 
atomic clusters on the major crystal faces. 

(XBL 799-7157) 



The model presented here explains the major 
features of a layer recrystallization. There are, 
however, other aspects that are not yet understood. 
It has been observed that the regrowth rate, and 
sometimes the activation energy, are sensitive to 
the type and close of ion implanted. Some ions, 
such as phosphorous, boron, and arsenic accelerate 
the recrystallization rate as compared to pure 
silicon, while other ions, such as neon, argon 
oxygen, and nitrogen, slow it dm,'Il. The present 
model will have to be refined before these 
chemical effects are understood. 

* * * 

tBrief version of LBL-9990. 

7. ION THINNING A,"'D ELECTRON BEJ'u\l DAMAGE IN 
CADMIUM SULFIDE DURING SPECIMEN PREPAR!\TION J'u\D 
TRAJ.JSMISSION ELECTRON mCROSCOPE OBSERVATION 

J. Washburn and U. Dahmen 

As possible low-cost photovoltaic cells, CclS, 
particularly in the fonn of vapor-deposited thin 
layers, has been studied However, 
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only very has an attempt been made to 
achieve a microstructural understanding by means 
of transmission electron microscopy. It was fow1el 
that C:clS is unusually sensitive to radiation clam
age and that great care must be taken to avoid the 
introduction of artifacts clue to the teclmiques of 
preparation and observation. 

Jllost nonconducting and semiconducting materials 
are thi1mecl for electron microscopy by ion-beam 
milling. Figure 1 shows that this technique can
not be used for C:clS because of extensive radiation 
damage caused by the incident Ar ions. An initi-

defect·free C:clS film prepared by chemical 
thinning (Fig. la) became highly defected by ion 
milling at 5 kV (Fig. lb). Reducing the ion-beam 
energy to 3 kV (Fig. lc) and l .1 kV (rig. lcl) 
increased the thinning time to prohibitive length 
without completely eliminating the damage. Crys
tals were therefore prepared for electron micro-
scopy by a chemical-mechanical technique. 

When this technique was employed to thin 
epi taxially grm,~1 C:clS single crystals, the true 
grmvn- in dislocation structure was observed 
(Fig. 2) . However, the material deteriorated 
rapidly under the 100 kV electron beam as shovm 
in . 2b, where a high clensi ty of dislocations 

Fig. 1. Ton clmnage in bulk C:clS: (a) be[ore, 
5 kV Ar-ion beam, (c) :5 kV, (cl) 1. J kV. 

(b) a[ter exposure to 
cxrm 799-11723) 



Fig. 2. Electron beam induced damage in 
epitaxially grown single crystal of CdS; (a) 
before, (b) after 10 min exposure to 100 kV 
electron beam. (XBB 791-14888) 

and voids has formed in the area irradiated by 
the beam for 10 min. It was shown that these 
defects did not result from displacement of sul
phur atoms by the high energy electrons because 
of the reduction of the electron energy to 40 keV. 
The same effect occurred although the reaction was 
somewhat slower. On the other hand, at 650 keV, 
no such damage was found even after long beam ex
posures, although this electron energy far exceeded 
that for the displacement of sulphur (ll5 keV) and 
Cd (320 keV) .1 A clue to a partial understanding 
of the processes involved was obtained from elec
tron diffraction. Figure 3 shows selected area 
diffraction patten1s from the center of the irra
diated area (Fig. 3a) and the perimeter (Fig. 3b). 
The extra diffraction in Fig. 3b were 
identified as CclO rings, and clark-field imaging 
of these rings showed small CdO crystallites in a 
narrow band at the edge of the damage region. As 
evidenced by the widely spread intensity of the 
pure CdS pattem in Fig. 3a, the central region 
did not contain foreign crystallites but was 
highly defected. 

These observations point to a mechanism 
involving a beam-induced chemical reaction with 
the residual gas in the microscope vacuum. An 
analysis of the microscope atmosphere showed the 
main contaminant to be water vapor with a total 
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vacuum of 3 x 10-5 Torr. Thus, a likely reaction 
would be the beam-induced dissociation of HzO to 
produce adsorbed ions like OW or o--. A reac
tion of these ions with CdS could then lead to 
the formation of the mOTe stable oxide CdO. 
\'1~1ether this reaction occurs at the surface, in 
the bulk, or in the gas phase due to local evapora-
tion by beam is w1certain. The fonnation 
of voids points to a bulk reaction involving the 
formation of gaseous reaction products like SOz, 
HzS, and Hz. The limitation of the CdO to the 
perimeter is likely to result from a thennal 
gradient causing surface diffusion or a vapor 
transport mechanism. It is felt that a similar 
mechanism is responsible for the damage structure 
observed in ion-milled samples. However, until 
a better w1derstanding of these reactions is 
achieved, a damage-free characterization of CdS 
can be accomplished by high voltage electron micro
scopy of chemomechanically thi1mecl samples. 

Fig. 3. Selected area diffraction patterns; 
(a) from central irradiated area, (b) from 
perimeter, showing CdO diffraction rings. 

(XBB 7911-15741) 
* * * 

1. G. D. Watkins, Inst. Phys. Conf. Ser. No.l-1:_, 
95 (1977). 
2. lvl. Wilkens and P. Rapps, Phys. Stat. Sol. 
(a) 44, 173 (1977). 

8. CHARACTERISTICS OF Cds-CuxS M'D (Cd,Zn)S - CuxS 
HETSROJUNCTIONS 

J. 1\fashbum and B. Chin 

Single-crystal CdS and (Cd,Zn)S thin films 
have been deposited on (111) Ge substrates for 
fabrication of test photovoltaic heterojunctions 



with CuxS. Deposition conditions were detenninecl 
for 

was necessary 
by Zn vapor. 
ized using 
tion and 

grmvth the hot -wall 
technique. was found that, 

' an intennecliate eels 
the substrate and (Ccl,Zn)S film 
to prevent attack of the substrate 
TI1e grmvn films have been character

diffraction to determine composi

surface morphology 
analysis. 

and SEM- EDil.o\ to study 
perfonn compositional 

It was found that the n-CclS/n-Ge heterojunction 
was ohmic and provided a good back contact for 
front-wall cells. 111e heterojunction with p-CuxS 
was formed by a solid-state ion exchange reaction 
in which CuCl is evaporated onto the single crystal 
film and then heat-treated to allow for the out-
diffusion of the cations (Cd and and the 
in-diffusion of Cu. A modified heat treatment was 
developed to prevent cracking of the CuxS clue to 
differences in lattice and thermal ex-
pansion coefficients. 1 is an S~l micro-
graph of a single cell in which the surface 

--, 

a 

~cu --CdS----

Fig. 1. SE!Il micrograph of CclS and region 
converted to (XBB 7911-15812) 
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morphology of the converted region remains the 
same as the initial C:clS area. EDAX was 
used to locate the j Lmction region as shm,n in 
Fig. 1 in \vhich the detection of C:u . 2b) 
indicated the C:uxS are:c. 

characteristics of these cells 
were taken in the clark and w1cler 
illwnination. The effect of 
treatment is shown in . 3a in 1vhich longer 
times resulted in a reverse saturation 
current and hence lower open-circuit voltage. 
Figure 3b shows improved character-
istics for a cell formed by a shorter treat-
ment time. state spectral response 
equipment has been constructed to monitor the cell 
output w1clcr con eli tions of illLmJination, 
cell bias and temperature. 

Transmission electron microscopy studies have 
been conducted to correlate the electro-optical 
properties of the grmvn films with structural 
perfection. Future plans arc to study the C:uxS 
and its formation and the heterojwlCtion interface. 
Single crystal cells will be fabricated with 
(C:d,Zn)S of different compositions to determine 
those factors affecting cell performance. 

* * * 

S Cd Ge 

s C:d Cu Gc 

Fig. 2. EDAX analysis of (a) CclS area and (b) 
converted C:uxS area. (XBB 7911-15814) 
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iJVI 
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Fig. 3. characteristics of 
CuxS/CclS cells sh01ving effects of conversion heat 
treatment. (a) 2.5 hours at 60°C; (b) 0.5 hours 
at 60°C. (XBB 790 

9. ON 'Il!E DEGRADATION OF SPECTRAL SELECTIVITY OF 
BLACK CIIROMI. SOlAR ABSORBER COATINGS DURING SHORT
TERM HIGIITJiMPERATURl' l'XPOSURESi 

C. ~L and J. Washburn 

The very popular black chrome coating known as 
"Chromonyx"1 was evaluated in tenns of materials 
science to provide a correlation bct1veen its 
microstructure and observed properties. 
Furthermore, the effect of temperatures upon 
the stability of this was investigated. 

This :otudy to users of the black 
chrome solar collectors. Currently, 
it is the selective absorber 
because its nature allows 
this coating to more than 
many other black coatings. ~licrostructural char
acterization is necessary to u.n.clerstand the high 
solar energy absorption exhibited by 
this Also, it paramount importance 
to be able to predict how this durable 

fail when subjected to high temperatures, 
as those experienced during stagnation. 
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analysis of X-rays (EDAX), 
as as scanning and transmission electron 
microscopy, was employed for thin film analysis. 
A Hide range of experiments has been reported 
previously,2 which correlate both the as-electro
plated and annealed microstructure to reflectance 
measurements. With supplemental infonnation from 
J\uger3 x-ray photoelectron spectroscopy 
(XPS), it was possible to develop a physical 
metallurgical model for the wavelength-selective 

of black chrome. J\ schematic micro-
structure is shm,~l :in . 1. 

This model consists of agglomerated particles 
within the 0.05 - 0.3 micron size These 
particles exhibit a predominantly surface. 
This oxide layer may behave as a transparent 
antireflective layer. Internally, these particles 
are composed of a distribution of fine metallic 
chromitun (140 J\ in diameter) suspended in 
amorphous or very fine Crz03. Deeper 
into the coating, metallic chromium concentration 
increases. An intennediate Cr - cermet 

is responsible for the high absorp-
11lis can be predicted from both 

and Bruggeman effective 
medium theories. This means that, in 

N; 

. 1. Schematic cross-section for black chrome. 
111ree distinct are shmm in the as-pre-
pared structures: a top consisting of 
Crz03; an intennecliate area of metallic Cr in 
Crz03; and a bottom consisting principally 
of Cr and the nickel In all cases, 
Cr203 has an amorphous or very fine crystalline 
structure. Trapped water and the resulting hy
dride are also present but not shown. 

(XJ3L 799-ll767) 



the high solar region, the coating 
appears to and highly absorbing. Still 
deeper into the coating, close to the substrate, 
a high concentration of chromium is noted. TI1is 
region accounts for the low infrared emittance. 
In other \vords, the upper layers are ineffective 
in the infrared and appear transparent 
the coating a predominantly metallic 
111e combined action of all layers results in a 
coating that is highly absorbing and allows very 
little loss by reradiation of energy, indicating 
high efficiency. 

Microstructural analysis was perfonned on 
specimens aru1ealed l to 100 hours over the 300 to 
600°C temperature range. 5 Belmv about 300°C this 
coating exhibits long- tenn stability. 111e effect 
of annealing in air was s;ompared to that of 
medium vacuum (1.3 x 10-1- 1.3 x lo-3 Pa). These 
conditions were chosen because ideally simu-
late thennal effects this coating might e:>qJerience 
during stagnation. 

It was concluded that black chrome after 100-
hour heat treatments shows minor below 
300°C in air and 400°C in vacuum. Significant 
degradation appeared above 400°C in air and 500°C 
in medium vacuum. Within this region, crystalline 
Crz03 particles nucleate and grmv; as they grow, 
metallic chromium is depleted. In Fig. 2 an 
electron micrograph reveals the growing Crz03 
particles. Along with the occurance of the pre
dominant Crz03 phase, the grading of metallic 
chromium is reduced, thereby degrading the solar 

Fig. 2. Dark field transmission electron 
micrograph with r-n~rrroqv-,n diffraction pattern 
for 500°C 100-hour heat-treated black chrome in 
vacuum. (XBB 790-13605) 
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absorption properties. of 
been observed growing on 
at high temperatures. Also, the film densifies 
with outgassing of CO, C:Oz and water vapor.6 Pre
sently, it is wll<nO\\'J:l if this absorber outgasses 
heavy species such as chromitml hyrides Ol' oxides. 
A schematic of degraded black chrome is depicted 
in Fig. 3. 

The major mode of black chrome degradation 
appears to be diffusion-controlled oxidation in 
all cases, including mediwn vacuum. Diffusion of 
o:>cygen may be enhanced by the products. 
111eir emanation may act to break up the coating, 
thereby providing paths for preferential diffusion. 

Ni 

0.1 ~m 
~ 

Fig. 3. Schematic of degraded black chrome at 
approximately 400°C in air or 500°C in vacuum for 
100-hour heat treatment. (XBL 7910-12208) 

* -;, * 

i'Brief version of LBL-8632, LBL-9123, and Proc. 
Int. Solar Energy Soc., May 1979. 
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RESEARCH PU\J\JS FOR CALENDAR YEAR 1980 

The new teclmique for study of defect formation 
and crystal grm,cth rates for the amorphous to 
crystalline transfonnation in silicon will be 
applied to study of the effect of phosphorous, 
boron, and arsenic concentrations on the perfec
tion and grol,cth rate of the crystalline phase. A 
modification of a model developed to explain the 
effect of crystallographic orientation of the 
growing face on crystallization rate may be able 
to explain impurity effects. 



Research on the properties of polycrystalline 
silicon will focus attention on the effect of 
impurities or dopant atoms on the mobility of 
grain boundaries during grain growth and on the 
electrical properties of polycrystalline silicon 
produced by laser and electron beam pulse aJmeal
ing of amorphous silicon. Microanalytical tech
niciues utilizing the Philips 400 microscope 
operating in the STBvl mode and microdiffraction 
infonnation will be used to obtain infomation 
concerning segregation of impurities to grain 
boundaries. 

The information on implantation-temperature 
effects and pulse-armealing parameters that has 
been obtained from the newly developed cross
section technique of transmission electron micro
scopy will be applied to P-N junction fonnation 
in silicon and gallium arsenide. Electrical 
properties of laser or electron beam melted sur
face layers will be correlated with their struc-· 
tural characterization. 

The fundamental study of channeled Rutherford 
backscattering spectra from buried layers of 
different types, such as amorphous layers, small 
dislocation loops, and damage clusters produced by 
low dose implants, will be continued, using the 
cross-section transmission electron microscopy 
teclmique to independently monitor the depth of 
the scattering defects. This work should greatly 
improve understanding of RBS spectra from complex 
surface layers. 

The techniques that have been developed for 
preparation of CdS foils and their observation 
in the transmission electron microscope without 
the introduction of artifacts will be used to 
study Cu2S and interface between Cu2S and CdS 
resulting from the replacement reaction between 
Cu and CdS. This research is of fundamental 
importance in understanding factors that limit 
efficiency and mechanisms of degradation of CdS 
Cu2S solar cells. 
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c. Mechanical Properties of Ceramics* 

Anthony G. Evans, Investigator 

Introduction. The research herein is 
an interdisciplinaly study of the response of 
ceramics to stress. The generalized scope of the 
study is outlined in Fig. 1. The principal foci 
of the current research projects are problems that 
demand scientific attention by virtue of their 
considerable technological significance in the 
energy sphere. The research areas are: (1) high 
temperature deformation and failure and (2) micro 
structure and touglmess relations. 

The two research areas are new topics which are 
anticipated to continue for several years. The 
high temperature deformation and failure issue con
cerns the response of refractory materials to 
stress. A scientific basis for predicting high 
temperature failure and for relating the deforma
tion and failure to microstructure does not pres-

81 

ently exist. Research in this area is therefore 
devoted to the generation of a self-consistent 
scientific comprehension of the mechanisms of 
deformation and failure, eventually to a 
predictive capability. The enhancement of tough-
ness in ceramics is to the 
minimization of damage when a ceramic component is 
subject to impact, thermal shock, machining, etc. 
Toughness is thus a principal property involved in 
the structural integrity of ceramic components. 
Improved toughness can be induced by certain stress 
activated microstructural changes occurring in the 
vicinity of a crack , including martensitic 
transfonnations cmd The study is 
devoted to a theoretical understanding of the 
microstructural conditions that afford optimum 
toughness, coupled with the e:AlJerimental develop
ment of optimum microstructures. 

STRUCTURAL CERAMICS 

MATERIALS. 

DEVELOPMENT 

MATERIALS 
EVALUATiON 

COMPONENT 
EVALUATION 

PROOF 
TESTING 

FRACTURE INITIATING DEFECTS 

OPTIMUM MECHANICAL PROPERTIES 

NON DESTRUCTIVE 
EVALUATIONS 

Fig. 1. A scheme for obtaining the infonnation pertinent to structural design 
with brittle matenals. (XBL 802-267) 
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High Temperature Deformation and Failure 

1. STATISTICAL 1\IODELS OF FAILUREr 

Anthony G. Evans and Amar Rana 

High failure in ceramics usually 
occurs by fonnation and coalescence of grain 
facet sized cavities (Flg. 1). The fracture condi
tion coincides with the fonnation of sufficient 
cavities on contiguous bolmdaries that the 
mac roc rack criterion is attained, 

A2 
c "-' (K Ia ) 

c. 
(1) 

where c is the critical crack length, Kc is the 
fracture toughness and aA is the level of applied 
stress. The probability, P, of fonning a crack of 
this s.Lze is related to the fonnation probability 
for individual facet-sized cavities, ¢, by 

p exp[c/£Hn¢] (2) 
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where £ is the grain facet length and A is the total 
area of grain bow1dary sampled. Hence, by recogniz
ing the intnnsic variability of grain boundaries in 
ceramics, the probability of failure can be deduced. 
Assigning an extreme value probability for the bound
aries most susceptable to cavitation, the median 
time to failure becomes: 

crm 

t 
GRAIN r BOUNDARIES 

/"-.. /'-. /', /'' /"/ 

CAVITIES 

CRITICAL MACROCRACK SIZE 

CRITICAL_/ FRACTURE PATH_l 
CRACK 

l:; It 

• • era> (TQ] 

Fig. l. A schematic of the sequence of events that 
lead to creep failure. (XBL 793-5995) 

(3) 

\vhere is the Orr-Sherby-Dorn parameter, n is the 
stress exponent of the intrinsic fonnation 
mechanism, C is a parameter that on the frac-
ture toughness of sample size, 
and A is a relates to the details of 
the cavity The utility of Eq. (3) 
as a description in ceramics is exemph-
fied by its correlation with extensive results for 
Alz03 (Flg. 2) and SiC. 
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Fig. 2. A correlation of creep rupture data for 
A1 203 with the predictions of the statistical model. 

(XBL 793-6002) 

Further development of this approach for predic
ting failure requires the inclusion of specific 
cav1tation processes. Three such processes have 
been examined; each is characterized by the require
ment that the cavity opening be small compared with 
the grain diameter--a condition often encountered in 
ceramics. The three processes involve (1) cavita
tion of a contiguous second phase at grain bound
aries, (2) crack-like diffusive growth along grain 
boundaries, (3) diffusive growth in the presence of 
an amorphous phase. These three processes yield dif
ferent relations for the failure time. For example, 
the cavitation of a continuous second phase, typical 
perhaps of certain silicon nitrides, yields the re
lation: 

£n[0.3n(£/c5 )
2

] 
0 

A 2 2 2 
-(a ) (49JrrK )£n(4A/'l ) 

c 

(4) 

where n and c5 0 are the viscosity and thickness of the 
second phase respectively. Application of this rela
tion to the results for Alz03, (Flg. 2) yields a 
self-consistent description of the failure time 
through the microstructure dominated properties of 
the material, such as the fracture toughness, the 
grain size, the thickness and viscosity of the second 
phase. 

The statistical approach has also been used to 
evaluate creep strains, based on solutions for the 
strain as a function of the (time dependent) crack 



density. These yield non-li.near relations for the 
creep strain even when the basic cavitation process 
is linear. The approach thus lends itself to the 
interpretation of the generally observed non-linear 
dependence of creep rates on the applied stress. 

·k * * 

tBrief version of LBL-8692. 
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2. CREEP FRACTURE INDUCED BY GRAIN BOUNDARY SLIDING·!· 

.~thony G. Evans 

There are numerous suggestions in the literature 
that the defonnation and failure of ceramics can 
occur through the fonnation of wedge cracks, induced 
by grain boundary sliding. However, the available 
analyses all make the invalid assumption that fully
brittle wedge cracks can propagate in the presence 
of significant diffusive mass transport. In fact, 
diffusion must modify the crack tip stress field 
and cause diffusive extension of the crack. There
fore, an analysis of sliding induced wedge 
that excludes diffusion has been conducted in order 
to examine its significm1ce as a deformation and 
failure mechanism. 

The stress intensity factor for wedge cracks in 
the presence of grain boundary sliding have firstly 
been deduced from solutions for the kinked crack 
(Fig. 1). These solutions have then been used to 
detennine the rate of growth of the wedge crack, as 
dictated by the rate of grain boundary sliding in 
its approach to elastic equilibrium. It is deduced 
that a critical wedge crack length a* is reached, 
whereupon the crack extends unstably across the re
mainder of the grain facet (Fig. 2), length£. The 

1.6,.------,-------..------~ 

30" 

SLIDING 

BOUNDARY\ CRACK 

1 i!Hlzg; ~-c,, 
1-- £ ~CLOSURE 

TRACTIONS 

1.0 L__ ____ __.~ _____ __._ _____ _J 

0.001 0.01 0.1 
ex = a/ i 

Fig. l. Variation in stress intensity factor with 
wedge crack length. (XBL 798-6907) 
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a/2 

0 

CRITICAL 
CRACK SIZE, a* 

SLIDING CONTROLLED 
CRACK GROWT7 

TIME, t 

.--CATASTROPHIC 
EXTENSION 

Fig. 2. The stable and unstable regions of crack 
extension across a grain facet. (XBL 798-6905) 

time taken to attain this critical length is essen-
tially the time tp for fonnation of a grain facet 
sized cavity. A general relation for tp derived 
from the analysis is, 

t 
p 

2 2 
1T (l-v ) 

4 (i) (8~) cos~A(K,~,a*) (1) 

where 11 is the grain boundary viscosity, Db is the 
boundary thickness, ~ is the angle defined in Fig. 1, 
and A is a function of the applied stress, facet 
size, the critical crack length and the angle ~. 
Some typical results are plotted in Fig. 3. Several 
features of the results are of significance. First, 
the mechanis,D_! onlybper~ains at relatively high 
stresses oA > 2K~' /Kv£; 1.t is thus most pertment 

/ 
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I 

/~APPROXIMATE 
,,/ SOLUTION 
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Fig. 3. Crack propagation times predicted by the 
analysis. (XBL 798-6909) 



to creep at intermediate temperatures and/or to 
dcfonnation in the vicinity of a crack tip (perhaps 
as a mode of slow crack grmvth). Second, since 
diffusion .Ls , the mechanism can only 
procecJ in matenals with planar grain boundaries 
(a viable condition for ceramics fonned by liquid 
pho.se Fmally, it is noted that, for 
the most susceptible bow1daries, Eq. (l) simplifies 
to 

( 2) 

The failure process is thus non-linear even at the 
basic fonnation level. These non-linearities 
arc when this result 1s incorporated into 
the statistical relations for the fai.lure time. 

* ·k * 

tBrief version of LBL-10342. 

3. THE EFFECT OF CAVITATION ON THE TENSILE 
DEFORt\lATION BEHL\VIOR OF ALUMINA 

William Blumenthal anJ Anthony G. Evans 

Cavities and microcracks have been observed in 
ceramics subjected to tensile stress at high temper
atures. Recently cavity propagation and growth 
have been as a defonnation and failure 
mechanism. 

This study seeks to correlate the tensile defor
mation and failure behavior of high purity, hot
pressed alumina with the resulting microstructural 
effects produced by cavitation at various high tem
peratures. 

Three-point bending is used to develop tensile 
stresses in a sample. The steady state applied 
load 1s measured as a function of time for an im
posed constant displacement rate at a constant tem
perature. !\ series of scribes are placed at a con
stant interval along the side of selected samples in 
order to record the local strain produced over the 
sample cross section. The maximw11 local strain mea
sureJ on a sample was found to be linearly related 
to the heo.d displacement. The strain gradients also 
provide infonnation concerning departures from lin

and incompatabilities of the tensile and com
creep. 

The stress clistt·ibuhon \vas deduced from the 
strain gradient and the strain-rate sensitivity of 
the steady state creep load. The steady state 
stress and strain ro.te were detennined to be re
lated in accord with the usual eA'}Jression 

n 
E o: 0 (1) 

where n (Fig. 1) is ~ l. for the temperature and 
rcmge of strain rates used in the present exper
iments. A deviation of the stress at the lowest 
strain rate from the extrapolated high stress be-
havior l) mdicates an approach to a threshold 
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Fig. l. The stress dependence of the strain rate 
for polycrystalline alumina. (XBL 7911-14544) 
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stress as a tentative interpretation of the nonlinear 
behavior. Alternatively, since the creep straln con
sists of components derived from diffusive creep and 
from cavity nucleation and growth, the non-linear 
creep may result from the nonlinearity of the cavl
tation component. These possibilities will be ex
plored by estimating the cavitation component of the 
creep strain from both the cavity densities (and size 
distributions) and the location of the neutral axis. 
Also, threshold behavior will be examined by obtain
ing creep infonnation at lower levels of applied 
stress. These results will be coordinated with 
transmission electron microscopic observations of 
cavity morphologies. 

4. SOME EFFECTS OF CAVITIES ON CREEP IN CERAMICS t 

Jolm R. Porter and Anthony G. Evans 

The failure of ceramics defonning under creep con
ditions occurs by the nucleation and growth of cavi
ties at grain boundaries. For hot pressed ahnnina, 
the observed cavities often occupy whole grain bound
ary facets, unlike many metals which exhibit several 
small spherical cavities on each tensile grain bound
ary. 

The mechanism for the nucleation and growth of 
facet-sized cavities in hot pressed alumina is being 
1nvestigated by transmission electron microscopy of 
creep specimens defonned in a three-point bend mode 
at elevated temperatures. Electron transparent spec
imens have been prepared from regions in the three 
point bend specimens exhibiting the maximum tensile 
strain. Figure 1 shows such a region in a hot 
pressed alumina specimen clefonned to a mo.ximwn ten
sile strain of 7% at 1340°C. The load time profile 
is shown in Fig. 2. During the initial period of 
defonnation at low strain-rate, cavitation was not 
expected. The cavlties would have been introduced 



. l. Transmission electron micrograph of 
cavities fonned at grain bmmdary during creep of 
alumina. (XBB 7911-15738) 
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2. Load-time profile of three point bend 
creep test. (XBL 7912-13527) 
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into the alumina during the short period of defonna
tion at high strain-rate. The second period of de
fonnation at high strain-rate established that the 
effect of the cavities on the resulting stress was 

The reason for the undetectable effect of cavi
ties on the creep stress at low strain-rates was 
established by developing a model for the contribu
tion to the strain-rate as a result of the stress 
induced chffuslVe growth of grain facet sized cav
ities. The model system from ivhich the stress 
strain-rate relationship was derived is shown in 
Fig. 3. Figure :)a shows two model cavities in a 
close packed of hexagonal grains to which a 
stress is The model calculates the strain-
rate which would result from the growth of a cavity 
by the surface diffusion of material into the adja
cent grain boundaries. From the symmetry of the 
model, only one quarter of a cavity needs to be 
considered and analyzed; the necessary fllL~es are 
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Fig. 3. 
boundary 
(b) Flux 
cavity. 

(a) 

y 

(b) 

(a) Schematic diagram of full facet grain 
cavities in a hexagonal array of grains. 
diagram for the diffusive growth of a 

[(a) XBL 7910-7246; (b) XBL 7910-7248] 

shovm in Fig. 3b. For an equiaxed material exhibit
ing facets on alternate tensile grain boundaries, 
it has been demonstrated that the contribution to 
the strain-rate resulting from the growth of cavi
ties will be: 

c 
0 

(1) 

where Db and Ds are the grain boundary and surface 
diffusion coefficients respectively, ob and ware 
the thicknesses of the diffusing layer in the vicin
ity of the boundary and surface respectively and d 
is the grain size. Other symbols have their normal 
meaning. 
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When this equation is compared with the equation 
for Coble creep, 

lH~tDb <\ 
kTd 3 ( 2) 

it becomes clear that the diffusive growth of cav
ities will nonnally provide a smaller contribution 
to the total strain-rate than Coble creep. The 
diffusive grmvth of cavities cannot therefore be 
used as a mechar:ism to explain either anomalously 
high observed creep·· rates, or power law creep, un
less all boundaries are cavitated and the defo11lla
tion is dictated by the rate of extension of the 
cavities. 

Further studies will involve correlations between 
creep strain, morphologies and the defo11lla-
tions predicted from the pe1111issable diffusive 
fluxes. 

* * * 

·j·Brief version of LBL-10601. 

5. HIGH TE!viPERI\TURE CREEP IN Al 20
3
-Si02 CERAMICS~

Amar Rana and imthony G. Evans 

Creep strains result from time and temperature 
dependent processes when materials are subjected to 
stresses considerably less than the fracture stress. 
The resultant defonnation strains are strongly de
pendent on nncrostructure. Most polycrystalline 
refractory materials are fabricated by sintering or 
hot-pressing at high temperatures; processes which 
usually yield microstructures containing residual 
voids, located on grain boundaries. The role of 
these pre-existing voids on creep have been examined 
for four types of microstructure. The concomitant 
modes of pore growth were distinguished. 

The theoretical models involve the growth of pre
existing voids by mass transport (viscous flow or 
diffusion) w1th the material displaced from the 
voids being accommodated by small "thickening" [1) 
displacements and small cavity surface separations. 
The first, but least common, n1icrostructure is an 
equiaxed grain structure with clean grain boundaries 
such as that present in mullite, 75 wt% Alp3. In 
th1s case 

c 
00 [ a · 0 

(X) 
(1) 

where is the creep strain rate, 0
00 

is the applied 
stress, is the cavity size and 2b is the distance 
between their centers, d = a/b, It is the atomic vol
rune, ob the grain boundary thickness, Db the grain 
boundary diffusion coefficient, d' is the grain size, 
and 

3d 

The second microstructure consists of grains com
pletely encompassed by an aJllOllJhous second phase, 
typified by mullite, 71.8 wt% Al 2o3. In this case: 

3 
2d' 

where n is the intrinsic viscosity of the 
boundary. 

( 2) 

The third microstructure has an aJnorphous phase 
confined to channels along three grain junctions or 
isolated at four grain junctions, as pertains for 
example in mullite, 73 wt% Alz03. In this case we 
replace cSbDb m Eq. (1) by D9,C9, [2], where D9, is 
the diffusivity of the solid in liquid, c£ is 
the concentration of solid in liquid and E,' is the 
average liquid film thickness on the cavity 
Thus , we have 

2d 

j~t c Dii, ci(E,' 9) 

L kT 
a · 0 co 

(3) 

It is to be noted that in Eqs. (1), (2) and (3), a, 
b, and hence cl, are not time independent. 

For the fourth microstructure, where particles 
(Alz03 particles at mullite grain boundaries) control 
the grain boundary sliding rate, 

[ 

D A 

1 + --"-- + 
D ~1 

v 

-~]·0 N oo 
D 

v 

where A is the interparticle spacj.ng, op the par
ticle size, and D _A and DvM are the volrune diffusion 
coefficients for Xlz03 aJld mullite respectively. 

Creep tests have been initiated on the above 
Alz03, SiOz alloys to compare with the predictions 
of the creep models. 

* * * 

tBrief version of LBL- 10602. 

6. 

J\mar P. Ran a and Anthony G. Evans 

Dynamic experiments as a function of temperature 
are an aiel to understanding the nature of grain 
boundaries. The dynamic dissipated at grain 
boundaries is the product of stress and the 
shear displacement. At low temperatures, the shear 
displacement is small, while at high temperatures 
the bow1daries become sufficiently mobile that the 
shear stress becomes essentially relaxed. Thus, at 



low and at high temperatures the energy dissipated 
is small. Internal fricti.on is the dissipation of 
energy Hhen the stress and strain are not in phase. 
Tims at intermediate temperatures a peak in inter
nal friction (Q- 1 ) obtains as a function of temper
ature. 

In Figs. 1-3 the internal friction (Q -l) vs. 
temperature is plotted for three different micro
structures having (1) a continuous film of glassy 
phase (mullite with 71.8 wt% Alz03), (2) isolated 
pockets of glassy (mulli te with 73 wt% Alz03) 
and (3) clean boundaries (mullite with 75 wt% 
Alz03)· All microstructures contain pores located 
at grain boundaries. We note that the internal 
fnction peak temperatures vary appreciably, viz. 
752°C, 762°C and 892°C respectively. A similar 
trend is apparent for the activation energies, viz. 
95, 95 and 169 kcal/mol. The relaxation times for 
the three cases cited above are respectively: 
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Fig. l. Internal friction vs. temperature for 

(1) 
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mullite (71. 8 wt.% Al 2o3). (XBL 803-421) 
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Fig. 2. Internal friction vs. temperature for 
mullite (73 wt.% Alz03). (XBL 803-420) 

and 

where 

n 2d~kTb 3 
(l-d

2
) 

2
t, 

144or1D, oaB 
D 

(3) 

(4) 

where 1: is the relaxation time, 2Q, in the grain 
facet length, ¢ is the extended angle between grain 
facets, K is the normalized stress intensity factor 
[4], F is a factor depending on the number of triple 
points containing cavities and the rest of the terms 
have same meaning as in article (5). 

These results are being compared with the models 
of grain boundary sliding for the three of 
microstructure, models which invoke loca dif-
fusive fluxes at grain boundary or ·the shear of a 
viscous phase. 



Fig. 3. 
mullite 

Internal friction vs. temperature for 
wt.% Al 2o3). (XBL 803-422) 

* * * 
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Toughening Mechanisms in Ceramics 

1. Jv!ARTENSITIC TOUGHENING IN CERAI'v!ICSt 

Anthony G. Evans and A. H. Heuer* 

It is now well established that appreciable 
toughening in ceramics can be achieved by inducing 
the martensitic transfonnation of a second phase 
particle in the vicinity of a crack tip. The most 
commonly used transfonnation is the tetragonal to 
monoclinic transfonnation in ZrC2. The toughening 
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that can be achieved has therefore been analyzed, 
by examining the changes in strain energy and chem
ical free energy that accompany a martensitic trans
fonnation in the stress field around a crack tip. 

The changes in strain energy LIU have been ascer
tained using the basic relations developed by 
Eshelby 

LIU \' T r A C"; ) r " - e .. p .. +12p .. J 
p lJ lJ lJ 

(1) 

where vp is the particle volume, ei· is the trans
formation strain, r?i is the applie~ stress and 
is the transfonnaticin induced stress, e. g., 

I 
p (2) 

where E is Young's modulus, v is Poisson's ratio and 
the subscripts m and p refer to the matrix and par
ticle respectively. Then, by presuning that the 
transfonnation will proceed when the thennodynamic 
requirements are satisfied (i.e., appropriate nuclei 
are always available), the critical applied stress P2 for transformation (for a dilational strain LIV) 
becomes: 

(3) 

where B = F11/E,.,. When the applied stresses are aug
mented in the Vicimty of a crack tip, the field 
equations for a crack can be coupled with Eq. (3) to 
deduce the distance r from the crack tip at which 
particles will transform, as a fuKtion of the a;J
plied stress intensity factor K. The result is 

4.1 [cos (8 /2) (1+t;sin8+2cos38 /2) (l+B) ]
2 

IT B(1+3i;
2
)-3.6(1+B).7 

(4) 

where 8 is inclination with respect to the crack 
plane and = LIG

0
/E fi,V2. Some typical trans forma-

tion zones predicted gy Eq. ( 4) are plotted in 
1. The transfonnation zone size can now be used to 
predict the increment in touglmess T'T imparted by 
the transfonnation, by requiring the crack to extend 
when the intrinsic crack extension resistance of th8 
material r0 is exceecl0cl. The resultant 
is predicted to be 

where 
0. 7V f [ B(l-V f)+V f] [O. 34[,+1]

2 
Cl+B) 

2 ". 
B(l+3i; )-3.6(1+!3).f' 

where vf is the volume fraction of particles. 

( 5) 

This prediction has several important implications 
for optimizing the toughness induced by a martensitic 
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transformation. There is an interdependence of 
toughness on the chemical composition of the marten
site (which determines the chemical free energy), the 
elastic stiffness of the matrix and the twin/variant 
spacing within the transformed particles. The latter 
is rather poorly understood at this juncture and is 
the major impediment to quantitative predictions of 
toughening. However, the qualitative expectation 
that the maximum toughness should occur when the 
particles are close to spontaneous (stress free) 
transfonnation should generally pertain. 
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Finally, it is observed that the prediction of 
toughness, Eq. (5), provides an invaluable guidance 
for the design and interpretation of experiments. 
Specifically, effects of temperature and chemical 
composition are interpreted through their influence 
on 6G

0 
in the denominator of the toughening relation. 

The etfects of the twinning and variant structure of 
the transformed particles and of the particle geo
metry appear through the strain energy terms; sim
ilarly the matrix elastic properties influence tough
ness by virtue of their effect on the strain energy 
change. 

* * * 

·r Brief version of LBL- 8442. 
Permanent address: Division of Metallurgy & Mate
rial Science, Case Western Reserve University, 
Cleveland, Ohio 44106. 

2. lv!ARTENSITIC TRA.J\JSFORMATION IN ZIRCONIA 

Waltraud lvl. Kriven and Anthony G. Evans 

lvlartensitic transfonnations were first discov
ered in steels and contribute importantly t~ the1r 
strength. In the last decade, Garvie et al. dis
covered that in partially stabilized zirconia (PSZ) 
fracture toughness and thermal shock resistance 
were considerably increased by the martensitic 
tetragonal to monoclinic transfonnation. 

In the design of very tough ceramics, therefore, 
an understanding of the nature of martensitic trans
formations, coupled with the mechanism of crack 
arrest and optimum microstructure, is essential. 
The nature of martensitic transfonnations may be 
studied along the lines of their nucleation, ther
modynamics and kinetics, and crystallography. Ex
perimental elucidation of examples from both metal 
and non-metal systems may clarify these three as
pects, which in turn may enable prediction and sue· 
cessful microstructural design. 

To date, martensitic transformations have been 
found in the following, non-meta11ic substances: 

Ferro-electric perovski tes: BaTi03, SrTi03, (PbZrTi)03 
KTa0.65 Nb0.3S' KHzP04 

Inorganic complexes: 

AlS superconductors: 

Organic compounds: 

Rare earth oxides: 

RbNO 3 , TlNO 3 , KNO 3 , AgNO 3 
Alkali halides, anunonium 
thiocyanate, MnS 

monomers 
anthracene 

Recent work on PS zirconia has been directed to 
elucidate the crystallographic mechanism in ellip-
soidal- shaped tetragonal particles which \vi th-
in the cubic matrix. Small particles of 
transform by numerous fine twins 
the long axis of the ellipsoid, larger par-
ticles contain only a few \vide variants h1hose 
lengths are parallel to the long axis of the ellip
soid. Previous TEM studies by Bailey2 and Bansal 
and Heuer3 indicate twiru1ing on {llOhnonoclinic 
and (OlO)m planes. Martensi tic habit planes of the 
type {llO}m form the long edge of lenticular plates 
containing no subtexture, while (OlO)m or (lOO)m 
form the midrib of twinned plates.4 

Analysis of transfonned product requires the dif
ferentiation between different twin types. Thus 

(l) fine twins provide the lattice invariant shear 
(LIS) for the martensite mechanism, 

(2) product variants may be twin related, 

(3) post-transformation defonnational twins may ac
conunodate misfit between nodules or packets of 
twin related variants. 

Examples of each have been exper~1entally verified 
in steels and inorganic compounds. 

The few, wide variants in the ellipsoidal par
ticles of PSZ are similar in appearance to lath 
martensites in steels which arc thought to occur by 
a slip mechanism. 

Crystallographic martensite analyses were made 
by Bansal and Heuer3 and more extensively by Fraser, 
Kennedy and Kriven.4 The former analysis computes 



solutions for slip LIS systems which only partially 
agree with experiments, while the latter use exper
imentally observed twin LIS systems as well. These 
pred1ctions were applied to the ellipsoid particles 
in PSZ an~ 5ound to agree with available experimen
tal data. ' They are sumnarized in Table l. Fur
ther detailed TEM analyses are undenvay to verify 
th.is agreement between experiment and predictions. 

* * * 
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Table 1. Martensite calculations. 

Corre- Shear Habit Macroscopic + Habit II Habit 
spondence Plane Strain Plane Plane ----

Bansal and Heuer: 

LC 2 (llO) [ 001] slip (67l)m(76l)m .124 1.3 12.2 

~7°off(llO)m 

LC 2 (llO) [ llO] slip ( 100) m' ( 010) m .162 1.73 16.1 

Fraser, Kennedy and Kriven4: 

LC 3 {110}<100> twin {322} .039 1.9 3.37 m 

LC 2 (llO) [001] slip (75l)m,~7°off{ll0} .llO 1.9 10.5 

(105) .no 3.01 10.5 
m 

LC 2 (llO) [llO] (OlO)m .153 1.9 14.3 

(Ol9)m .153 1. 37 15.1 



3. TOUG!-ffi\IING IN TilE Al 20/Zr02 SYSTE~Jl

Nick Burlingame and J\nthony G. Evans 

Fine dispersions of ZrOz particles can greatly 
increase the toughness of ceramic materials. This 
improvement can be related to the presence of tetra-
gonal part1cles, which, though stable when con-
strained a matrix, transfonn to monoclinic when 
the constraint is relaxed in the stress held of a 
propagating crack. Upon transfonnation, there is 
a shape ch<:mge and a size increase, effects creat-

compressive stresses at the crack tip, thereby 
increasing the enc;rgy required to further propagate 
the crack. Enhancement of toughness Hill depend 
on a combination of the matrix-dispersion, and the 
size, volume fraction, and chemical composition of 
the dispersed 

Increasing the volume fraction Vf of ZrOz is ex
pected to 1ncrease the toughness in proportion to 
Vf. However, this increase can be mitigated by the 
concomittant increase in particle size, because of 
the size dependence of spontaneous transfonmtion, 
attributed to the relative influence of the twin 
boundary energy. These effects are demonstrated 
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in Fig. 1, Hhich plots the slTI!ultaneous variation in 
fracture toughness KIC and the proportion of retained 
tetragonal phase as a function of the total volume 
fraction of ZrCz._in an Alz03 matrix. A peak tough·
ness of ~ 8MPa lm is obtained for ~ 15 vol% ZrCz 
and a corresponding tetragonal phase content of 
~ 75%. 

The effect of chemical composition has been ex
amined for solid solutions created with the knmvn 
stabilizing agents (CaO,MgO,Yz03)· These solutes 
decrease the chemical free energy and thereby allow 
an increased proportion of tetragonal phase to be 
retained. The influence of these solutes on both 
the toughness and proportion of tetragonal phase is 
indicated on Figs. 2-4. It is directly apparent 
that the maximum toughness occurs consistently when 
a significant proportion of the ZrCz is in its mono
clinic option. 

l~-4...,.--~....------------.------.--~ 100 

7 75 

% Tet. 

5 

Vol. Froction Zr 0 2 

. 1. Vohune fraction ZrOz in Alz03 matrix vs. 
KIC and percent retained tetragonal. 
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The apparent prerequ1s1te that a significant pro-
portion of monoclinic be present in order to at-
tain maximum touglmess is not consistent with the 
simple This inconsistency has several pos
sible interpretations, possibilities which might be 
distinguished by microscopy and further theoretical 
analyses. The deviations from the simple theory 
almost certainly reside in the follmving effects: 
(1) the statistical dispersion of particle 
size, (2) the physical location of ZrOz par-
ticles (within grains or at grain boundaries), (3) 
the thennal expansion mismatch between tetragonal 

and Alz03, and (4) the incidence of crack tip 
microcracking following transformation, particularly 
of the thermally transformed particles. Subsequent 
microscopic studies will examine particle size dis
tributions and the incidence of microcracking, as 
inputs to theoretical treatments of combined trans
formation, microcracking effects on toughness in the 
presence of a size distribution of particles. 
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Creep Strains. Recent and theoret-
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ical results suggest that large creep strains in 
ceramic polycrystals cannot be induced by pre- fonned 
cavities until large densities of cavities begin to 
form in the tertiary stage. This contrasts with the 
suggestions of prior investigators, based on qualita
tive arguments, that appreciable creep strains can 
result from cavitat10n. strains detennined ex-
clusively by cavitation arc small, a few times the 
clastic :,train. These obtain at low temperatures and 
high stresses. Conversely, creep in porous ceramics 
can be appreciably affected by the pre-existent pores, 
a result explained by the location of the void space 
vis-a-vis the applied stress. These recent observa
tions a.'ld the related theory will be amplified in the 
coming year and used to superimpose regimes of cavity 
and pore induced creep onto deformation mcchan.ism 
maps. Specific with regard to the 
dominant diffusivitics will also be deduced as a 
basis for correlation with final stage sintcring 
results. 

Faih:re Times. The failure times of ceramics 
subject to creep at elevated temperatures depend 
sensitively upon the mode of fonnation of 
boundary cavities and on the statistlcal 
of the cavities, as reflected by the 

boundary properties. and 
studies conducted previous year 

indicated various cavity growth mechanisms and have 

derived statistical approaches for characterizing 
the evolution of failure by cavity fonnation and 
coalescence. In the coming year, detailed exper
imental results will be obtained on Alz03 and the 
complementary theory will be developed. The exper
iments include dcteminations of cavity size dis
tributions and morphologies as a function of stress, 
strain, and temperature obtained using SBv! and TEM 
methods. Grain boundary chemistry will also be ex
amined using STE!vl in order to ascertain possible 
correlations between grain boundary chemical compo
sition and cavitation susceptibility. The theory 
will involve extenslCns of the Chuang-Rice model to 
include effects of voids tcnninating at grain triple 
points and of grain boundary sliding. Further de
velopments of the statistical analysis of cavity 
coalescence will also be conducted, to Include in
teraction effects bet>veen neighboring cavities. 

2. Final Sintering 

A systematic study of final stage sintering will 
be conducted on Alz03. The study will entail the 
use of monodisperscd powders, hot pressed to produce 
a characteristic final stage microstructure, i.e., 
isolated voids. The diminution of the voids and the 
onset of grain boundary migration will then be mon
itored during subsequent sintering. The results 
will be used to develop quantitative relations for 
void shrinkage and the onset of the breakway of pores 
from grain boundaries, the primary detriment to full 
dcnsification. 

3. Martcnsitic Toughening 

The Important interdependence of the matrix phase, 
and chemical composition of the martensite and twin
ning on the martensitic toughening have been estab
lished in the previous year. The major remaining 
uncertainties are connected with the characteristics 
of the twinning and with the nucleation condition (a 
simple thennodynamic energy balance has thus far been 
used to describe nucleation). These issues will be 
the focus of research in the forthcoming year. The 
twinning will be examined in the context of crystal
lographic martensite theory, coupled with the mini
mization of strain energy and twin boundary energy, 
using the generalized Eshelby approach. The role of 
nucleation on toughening will be examined using nu
cleation theories based on pre-existent shear inhomo

(c.g., defects located at interfaces) and 
driving forces provided by the excess chemical 

free energy. 
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3. Physical Properties 

J. W. Morris, Jr., and J. Wang, Investigators 

Introduction. ,\pplication of multi_filamentary 
superconductors to advanced energy research and 
teclmology, such as high energy accelera-
tors and fusi_on energy systems is being 
seriously considered at the present time. A method 
has been clevelopecl for the fabrication of multi
filamentary superconclucting 1vires, employing a 

infLltration technique. The 
objectives of program are to the 
process parameters, to study the of fil-
amentary conductors and to measure the physical 
and mechanical properti.es of the superconducting 
wires. 

l. ;'u\J IWESTICATION OF Tin; EFFECTS OF PARTICLE 
SIZE ON TIIT: ~U:HU\NIC;\L PROPERTIES OF POROUS Ai\JD 
TIN- INFILTRATED NTOBJlJl'.] RODS FABRICATED BY A 
THERMOPLASTIC- POMJER ~.U:TALLURGY TECIU\JIQUE 

Abid Noman, J. Fai \l'ang and ~lilton R. Pickus 

A method has been developed for the fabrication 
of multi filamentary 1vires, employ-

a pmder-metallurgy infiltration 
technique has been to 

the l\HJ3Sn, 0Jl,3,\l, (Al 
toms. For the fabrication of niobium rods, which 
are prepared from powder and are to be infiltrated 
at a later th'O methods have been employed 
successfully. first technique makes use of 
isostatic compaction and the second method employs 
as a binder a pc, I ;1ncr, which is coated on the 
powder particles, thus thennoplastic 
properties to the Taking advan-
tage of the of the powder, 
the substance is extruded as a rod, after 1vhich 
rho polymer is volat:i.lized by means of ~t prescribed 
heating cycle. lt remains to expose the niobium 
rod obta.i_ned after initial to obtain 
strength and and the re-
moval of oxide the infiltration 
of the rod. This investigation employs the thenno

metallurgy technique and reports 
the effects on mechanical properties of three 
different size ranges and different sin-

times at a given temperature. 

The plot for resicluaJ porosity versus sintering 
time is shmm in . 1. This sh01vs that 

«This work was supported by the Division of 
lllaterials Sciences, Office of Basic :energy 
Sciences, U.S. Department of 
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particles fonn a more porous body than particles 
of smaller size. The porosity decreases with 
sintering time as the bonding of particles causes 
the pores to shrink. 

The tensile tests conducted show: 

l. The relatively coarse particle rods sintered 
for the same length of time as finer particle rods, 
porous or infiltrated, were stronger (see Fig. 2). 

2. Coarse particle rods were more ductile than 
the respective finer particle rods (see Fig. 3). 
This was presumably clue to the lower surface to 
volume ratio of the coarser particles, which 1m
plied that less contaminants were present in the 
coarser particle rods. 

* * * 
version of LBL-8501. 
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2. HIGH FIELD CURRENT CARRYING CAPACITY OF 
NIOBIUM-TIN SUPERCONDUCTING WIRE PRODUCED BY THE 
INFILTRATION PROCESS-f 

J. Ling-Fai Wang, J. T. Holthuis and 
Milton R. Pickus 

Application of superconducting materials to 
advanced energy research and technology, such as 
high energy particle accelerators and magnetic 
fusion is being seriously considered at the present 
time. The infiltration process developed has been 
applied to the niobium-tin system to produce multi
filamentary tape and wire. High critical currents 
were previously reported by Hemachalam and Pickus 
for infiltrated samples tested in magnetic fields 
from 20 to 170 kG. The sample reacted at 950°C 
for 2 minutes exhibited a critical transition 
temperature, Tc;:, of 18 K. The objectives of the 
present investigation were to establish the re
producibility of the infiltrated wire, to extend 
the current carrying capacity measurements to a 
higher field region (~220 kG) and to study the 
effects of heat treatment on the critical current 
carrying capacity. 

Most of the process parameters used were the 
same as previously reported except that the sinter
ing time was increased from 15 to 30 minutes and 
the infiltration temperature was lowered from 675 
to 575°C. These changes improved the formability 
of the composites and prevented premature breakage. 
The superconducting filaments of Nb3Sn were 
formed by a heat treatment of wire specimens in an 
argon atmosphere. The reaction temperature ranged 
from 800 to 950°C while the duration varied from 
30 to 2 minutes. 

Superconducting critical current densities of 
l\Tb-Nb3Sn cores were measured as a function of 
applied magnetic fields up to 190 kG for most 
cases and to 220 kG for a limited number of 
specimens. Critical current densities were de
termined by dividing critical currents by the 
cross sectional areas of the Nb-Nb3Sn composite 
core for each wire. The variations in the criti
cal current densities with applied magnetic fields 
are shown in Fig. 1. The present data for wire 
reacted at 950°C for 2 minutes matched very well 
with the data from Hemachalam and Pickus. TI1is 
clearly shows the reproducibility of the infiltra
tion process. The critical current density of 
lxl04 Amp~cm2 at 200 kG shows that the infiltration 
process vnres have a very high critical field with
out the need of third element additions. 

* * * 
"~'Part of this work was performed while the authors 
were guests at the Francis Bitter National Magnet 
Laboratory, which is supported at M.I.T. by the 
National Science Foundation. 
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3. THE POSSIBILITY OF ELIMINATING THE TAJ\JTALUM 
DIFFUSION BARRIER IN NIOBI~1-TIN SUPERCONDUCTING 
WIRE FABRICATED BY THE INFILTRATION PROCEsst· 

J. Ling-Fai Wang, J. T. Holthuis and 
Mil ton R. Pickus 

TI1e "bronze" process for fabricating 
multifilamentary superconducting wire requires 
long heat treatment times. To provide adequate_ 
quench protection in large magnets, it was consl
dered desirable to incorporate regions of high 
conductivity oxygen-free copper into magnet con
ductors. TI1e copper is protected by an inert 
diffusion barrier to prevent poisoning during the 
processing and reaction stages. Tantalum metal 
tube is used for this purpose in most of the 
conmlercially available bronze process wires. TI1e 
addition of the tantalum barrier has not only 
increased the cost of the superconducting wire 
but also increased the complexity of the manu
facturing process. 

A re-evaluation of the processing parameters 
suggested that tantalum diffusion barriers may be 
eliminated in infiltration-process wire since 
the infiltration-process wire depends on a liquid
solid interface reaction and requires much shorter 
reaction times. 

In this study, tin infiltrated porous niobium 
was clad with monel tubing with and without a 
tantalum barrier and reduced clown to wire as fine 
as 0. 010" in diameter. Both types of wire were 
reacted at the same temperature and for the same 
duration. After reacting at 950°C for 2 minutes 
both types of wire have Tc -vl8 K and approximately 
the same current carrying capacity (see Fig. 1). 
This seems to suggest that the tantalum barrier 
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Fig. l. Critical current density of the l\Tb-Nb3Sn 
core as a function magnetic field under steady 
field condition. (XBL 7911-14558) 

can be eliminated from the infiltration process 
wire when the reaction time is short. At 850°C 
for 30 minutes the infiltrated wire without 
tantalum barrier definitely shows a deterioration 
of current-carrying capacity. This clearly shows 
that as reaction time increases the reaction be
tween the infiltrated core and monel increases to 
such a degree that it affects the current-carrying 
capacity of the wire. 

* * * 
+Part of this \vork was performed while the authors 
were guests at the Francis Bitter National Mag11et 
Laboratory, which is supported at tvl. I. T. by the 
National Science Fow1dation. 

4. SCAl\lNING AUGER MICROSCOPY STUDY OF THE ROLE OF 
OXYGEN ON THE FRACTURE OF TIN- INFILTRATED NIOBI~l 
ROD. t 

J. Ling- Fai Wang and J. T. !lolthuis 

Niobium metal or alloys, like other group VB 
refractory metals are susceptible to embrittlement 
as a result of contamination from the interstitial 
elements (O,C,N and !!) . All niobium powder used 
for fabricating porous niobium rods for the infil
tration process was produced by the hydricle-crush
dehydride process. J\ typical chemical analysis of 
the niobium powder (-270 mesh) indicates that it 
has -1700 ppm oxygen, <30 ppm carbon and <50 ppm 

For years this chemical specification 
was considered to be and the effects 
of these interstitial elements on the fonnability 
were not considered. Premature breakages of 
samples during wire drawing were not considered to 
be a serious problem. 



Recently there is a great interest to 
commercialize the infiltration process. This 
involves commencing with much larger diameters of 
as-infiltrated rods than were previously used. It 
was soon found that premature breakage during wire 
drawing was a serious problem. 

Evidence was obtained on the basis of chemical 
analyses and hardness profiles that oxygen was a 
probable cause for the embri ttlement 0 With 
special precaution to minimize oxygen content a 
substantial ductility was obtained.l 
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During this fiscal year a Auger 
mi_croscope with ;:m in-situ fracture mechanism was 
made available for metallurg.i_cal study. Tin in
filtrated niobitml rods 1vere fractured in situ at 
room temperature and the elemental maps of the 
surfaces were obtained. images for the 
elements oxygen, niobicun tin arc given in 

. 1. l\ SEM micrograph ancl x-ray maps for the 
elements niobitun and tin are in Fig. 2 o 

These clearly show that oxygen atoms are not in 
tin but are homogeneously distributed in niobicun 
and may be the cause of embrittlement. 

Fig. 1. SBvl micrograph of the in-situ fractured tin-infiltrated 
niobium rod and Auger images for the elements oxygen, niobicun and tin. 

(XBB 799-12565) 
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Fig. 2. SE!Il fractograph of the tin-infiltrated niobium rod and x-ray 
maps for the elements niobium and tin. (XBB 799-12566) 

* * * 

tBrief version of LBL-10584. 
l. Craig Wojcik, Teledyne Wal1 Chang, Albany, 
Oregon, private comnunication. 
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Growth of Voids in ~lultifilamentary Superconduc-

1-!aterials via Hot Stage Scanning Electron 
~!icroscopy," Scanning Electron Microscopy Confer
ence, Washington, D.C., April 1979. 

2. J. Ling-Fai Wang, J. T. Holthuis and 
M. R. Pickus, "Infiltration Process--A Unique Way 
for Fabricating Mul Superconductor 
Based on the Altunintun-Containing J\·15 Compounds," 
TI.lS-AHlE Fall , Milwaukee, Wisconsin, 
September 1979. 



b. Interfaces and Ceramics Microstructures* 

J. A. Pask, Investigator 

1. 1\'Fll'I\C ~\i\D RlACTIOl\S f\ THE SODTU~l 
SILJO\Tl/lRO:.J SYSTJ:ill t 

;\ntoni Tomsia and Joseph A. Pask 

Inter facial reactions and behavior of 
sochLun clisilicate (NSz) glasses on substrates of 

iron (ll!arz) and impure Lron (Annco) 
1vere studied using the sessi.le drop technique 
combined \\'i th weight loss measurements. Two vacmnn 
furnaces \l'ere used: one with a graphite 
heating element and an estimated Po 2 of ~lo- atm, 
and a second 1vith an ahnnina core and an estimated 

of 1o- 10 atm. 

In similar ' 2 pure 'I!Sz glass on >larz 
iron at 1000°C and ~10- 5 Torr vacmun for 2 hrs 
shmved 55° contact i.n both of these furnaces 
and no reaction ,,,as ;ed. i\lso, no reaction 
was observecl for glasses ,,,j th FeO additions in the 
alumina furnace. In the graphite furnace, hmvever, 
reactions were observed in configurations with 

containing more than 9 1vt. % of FeO. 
kinetic experiments using the thermo-

metric technique in the graphite furnace 
spreading of glass with 95 \vt.% loss 

of the total Na from the and in the ahnnina 
furnace a contact angle of 10° with 55 wt.% loss 
of the both at l000°C for 2 hrs at 2 x 10-6 Torr 
vacmnn. In order to e;qJlain these differences a 
series of e.AlJeriments were designed and perfonned 
with time, temperature and pressure as variables. 
Figure l sho\Vs the temperature dependence of the 
weight loss of Na and contact angle for the NS 2 -
Marz iron system after 2 hrs, and . 2 time _

6 dependence at l000°C, both at a pressure of 2 x 10 
Torr. After 2 hrs in a graphite furnace and 4 hrs 
in an alwnina furnace at 1000°C the reaction was 
associated 1vi th the visible appearance of Na 
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*This 11'ork was supported by the Division of 
Materials Sciences, Office of Basic Energy 
Sciences, U. S. Department of 
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deposits in the cold parts of the furnaces and 
precipitation of cristobalite from the glass 
(Figs. 3a and 3b). It is thus evident that the 
extent of the reactions is dependent upon the 
experimental conditions (Table 1). 

Another significant series of experiments 
indicated that for a given set of conditions the 
reactivities of as-received ~!arz iron, Marz iron 
aged for 8 months in a vacuwn dessicator, and Armco 
iron were different. The results obtained with the 
aged Marz iron were similar to those reported in 
previous studies with /llarz iron. 

In the furnace, the reaction presented 
by . (l) been identified. Because LIG 0 for 
this reaction at 1000°C is positive, it will occur 

FeO(int) + 2Na t (l) 

only when the acilVlty quotient will be sufficiently 
less than one which requires a low activity of FeO 
at the interface, a low PNa' and a activity of 

in the glass. The FeO at the interface will 
diffuse into the glass and metal, but mostly 

of the high solubility of FeO in the 
since LIG 0 for this process is negative. 

Tl1e critical factor in the graphite furnace is the 
Po

2 
of lo-22 atm, 1~hich is less thim the dissocia

tlon pressure for !,eO (1. 5 x lo-15 atm at 1000°C). 



40 IJ.m 

Fig. 3. (a) Cross section of Na2si2o2 glass sessile 
drop on lllarz iron after 2 hrs at 1000 C with a total 
ambient pressure 2 xlo-6 Torr and r 02 of ~lo-22 atm. 
Iron substrate at the bottom. Reaction resulted in 
precipitation of cristobalite, as observed after 
etching for l 0 sec in 10% I-IF. (b) Same as (a) 
except that r 02 was ~lo-10 atm, and time of 

was 4 hrs. (XBB 802-2316) 

Table 1. Contact angles and weight loss of sodium 
from Na2Siz0s glass on iron at 1000°C for 2 hrs and 
z x lo-6 Torr vacuum. 

Graphite Furnace Alwnina Furnace 

:Ja Weight Na Weight 
loss Contact loss Contact 

Iron Grade percent angle percent angle 

Marz Fe, 
as received 95.37 0 57.35 10 

Armco Fe 28.38 53 20.80 63 

Marz Fe, 
aged 15. 73 55 8.10 55 
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Under these conditions the a(FeO) in the iron and 
at the interface 1vi1l approach zero. J\nother 
critical factor for the reaction to proceed is the 
pressure of Na gas formed at the interface, which 
must exceed the ambient pressure of sodium and the 
overall ambient pressure to proceed rapidly. This 
is possible only because the boiling point of 
liquid Na (880°C) is below the test temperature. 
In the alwnina furnace with a Po 2 of ~lo-10 atm, 
the activity of FeO in the metal and at the inter
face wi1l be at or approach w1i t value, which 
makes l'lG positive. Therefore, reaction (1) cannot 
account for the losses of Na observed in 
this furnace. 

The current studv has identified another reaction 
which can occur in both furnaces but is the one 
responsible for the observed large 1veight losses 
of Na in the alwnina furnace. It is represented 
by Eq. (2). 

+ 2N1a " ( l) l I g 
(2) 

The standard free reaction (2) is also 
positive. Therefore, reaction wi1l onl v occur 
under conditions when the activity quotient is 
sufficiently sma1ler than one. It is thus favored 
when a(FeO(gl)) and a(Na2o(gl)) in the glass are 

high, a(Fe 2o3(gl)) approaches zero, and PNa is low. 

Besides a low PNa the most critical factor is a 

small a( (gl) )/a(feO(gl)) ratio. The Fe2o3 in 
the glass reacts readily with the substrate iron to 
form FeO at the interface [Eq. (3)] which diffuses 
into the because of l'll;v bemg negative. 

Fez03(gl) + Fe
0 

3FeO(gl) (3) 

Reaction (3) keeps the above actlVlty ratio sma1l 
permitting reaction (2) to continue. 

Reaction (2) was verified ,,,i th many wetting 
experiments of NSz glasses containing FeO, Fe203 or 
both on Au, Pt and fused silica. This reaction 1vas 
also confirmed by color changes in both furnaces 
from blue to green, which indicates Fe3+ presence 
in the 

Before NS7 can take part in a reaction repre
sented by Eq~ (2) in the aJwnina furnace, .i.t must 
take into solution sufficient amount of FeO in 
order to raise a(FeO) in the glass. This can be 
realized by solution of a film of oxide on the sur
face of iron or an initial reaction of type (l). 

wetting experiments 1vith as-received l'-'larz 
iron bulk a(FeO) is less than one, it is 
possible that some reaction of (l) will occur 
before the iron becomes with oxide and 
a(FeO) reaches one. The introduction of some FeO 
into the glass then \vould start the sequence of 
reactions (2) and (3). 

The results shmv that the redox reactions are 
very sensitive to the degree of saturation of the 
iron with oxide. In a high vacuLun and lmv Po2, 
pure iron loses any oxide film present on its 
surface. This occurrence increases the surface 
energy of iron and decreases the a(FeO) 
rise to favorable conditions for redox reactions 
which in turn 1vi1l reduce the contact angles and 



cause spreading i [ severe. Oxvgen 
in the bulk of pure iron Cl[tcr Zlging and 

;\rmco iron maintains a high a(FcO) at the 
tnter [ace for longer times. ;\l though reactions 
proceed \vith all three types of iron, kinetics 
of reactions in the a1Lm1ina furnace arc much 
slower. It is interesting to note, h01veve r, that 
oxygen alone in aged purity iron 111akes it 
less reactive than Armco iron with a larger total 
amount of impurities. 

tBrief version of LBL-10443. 
l. J. J. Brennan and J. A. Pask, J. Am. Ceram. 
Soc. 56(2), 58 (1973). 
2. C~E. !loge J. J. Brennan and J. A. Pask, 
J. 1\m. Ceram. . 56 , 51 (1973). 

2. WETTING i\1\JD J\Dlll:RENCE Of Na- BORATE GLASS ON 
GOLD ! 

T. Tsor and Joseph J\. Pask 

The sessile drop technique Has used to study 
the wetting behavior of soditun borate glass 
(nominally 94% B2o3 and 6% Na20) on gold. The 
contact angle 46°, and consequently the surface 
and interfacial energies, d~cl not change in the 
vacmun range of 10-8 to lo-S atm (<15 ml-lg) at 900°C. 
The interfacial energy values were Ysv-1370, 
Ysl-1314, and Ylv-80 ergs/cm2. The contact angle 
decreased sharplv to 6° at ambient 
greater than 10-S atm or >15 mHg. 
chemisorbs on gold surfaces Ysv drops 
ergs/cm2. Surface energy llquicl glass is 
tmaffectecl by oxygen pressure. y sl becomes ll30 
ergs/cm2. The decrease of Ysl 184 ergs/cm2 on 
exposure to oxygen occurs ,,·i th development of 
chemical bonding. This deduction is consistent 
\vi th the theorv that adherence occurs when the 

and metal at the interface arc saturated 
~Vith substrate metal oxide. 

It is of interest to note that, although both 
platinum and gold are noble metals, their behavior 
i_s different. The decrease in contact angle on 
platintun at about the same oxygen pressure occurred 
clue to desorption of carbonaceous impurities when 
present and not to the appearance of an adsorbed 
oxide film and adherence. No evidence of carbona
ceous contamination was observed on the gold 
surface. On exposure to water vapor absorption 
appeared to occur because of a resulting higher 
vaporization rate of the glass and the boi.ling 
that occurred at the glass/metal interface. 
Errati.c contact angle measurements resulted. 
IIO\vever, no reaction with gold or development of 
adherence occurred, ,,,hich \Vas not the case h'i th 
platinum.l 

:
1:Bri_ef \'Cl'Sion of J .. \m. Ceram. Soc. 62, 543 (1979). 
+Permanent address: Texas Jnstnunents-;-P.O.Box 

225=)03, MS158, DRlL:ts, TX 75265. 
l. C:. J\. llolmqui.st and J. A. Pask, J. Am. C:eram. 
Soc. 59(9-10), 384 (1976). 
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3. 01IC:ROSTRUC:TURL: A\JD I:.JTERFJ\CE STUDIES J:.J TIIIC:K 
FllN C00JDUCTOR SYSTH!S 1· 

V. K. Nagcsh:f: and Joseph A. Pask 

Studies have been 
on 1 eacl borosilicate (LBS) 

glass particle/silver thick film conductor systems. 
The effect of different particle sizes on 
the sheet was detennined (Fig. l) . 
Smaller sizes reduced the thickness of 
the silver film and hence increased the sheet 

(Rs) according to the relation 

R s 

where Rs is in m~/o, P,\o = bulk of 
silver, K=O.l (a constafit for the system), ,Vm 
glass and metal volume content, and Dg = 

chcuneter. A good correlation bet\veen the 
theoretical and results can be seen 
in . l. 
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Effect on acid treatment on the composition of 
the surface of the glass was studied using the 
~!cPherson ESCJ\ 36 electron spectrometer .l Finely 
pmvdered glass samples (etched in O.OlN I-ICl for 
45 sec, and tmetched) were used. Contaminant C1s 
line (B.E. = 285 eV) was used as a reference. Due 
to etching, surface concentration of the component 
oxides changes. Pb/Si weight ratio decreased from 
7 to 5.264 shmving the leaching of lead during acid 
treatment. This result is in conformity IVith the 
model previously developed to explain the importance 
of acid treatment in interface bond development 

and silver. The B/Si weight ratio 
from 2 to 1. 364 indicating that boron is 

leached out in addition to lead. 

Studies Here extended to nickel-silver thick 
film conductors fired in air. With silver contents 
as lmv as 2 5 \v't. %, sheet res is ti vi ties as low as 
15 mQ/o were obtained. Conventional thick film 
conductors using as much as 80-90 Ht.% of precious 
metals give sheet resistivities in the order of 
25-50 mQ/o. Although base metal conductors are 
less e:\l)ensive, they nonnally need to be fired in 
inert atmospheres. Thus, the new air-fired base 
n1etal-precious metal composite thick film conductor 
system is a significant advancement over the cur
rently existing systems. 

\Vetting Studies. l>!os t of the conventional thick 
film systems use lead borosilicate (LBS) as a binder 
between precious metals (Ag, Au, Pt) and the ceramic 
substrate (Al203). In order to understand the 
microstructure development in these systems 
appropriate glass/metal, metal/metal interface 
studies are important. Hence, sessile drop studies 
of LBS glass on Ag, Au, Pt and Ag on Ni were 
conducted (Table 1). 

Table l. Sessile drop measurements. 
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System Atmosphere Contact Adherence 
aJlgle (qualitative) 

LBS glass 
on J\g 

LBS glass 
on Au 

LBS glass 
on Pt 

Ag on Ni 

Air 600 

Vacmun 700 

1-le 700 

Air 700 

Vacmun 700 

Air 700 

Vacuum 700 
(no C) 

Vacuum 700 
(with C) 

Air 970 

He 970 

LBS: Lead borosilicate glass. 
Vacmun: 3 x 10-6 Torr. 

oo very strong 
20 good 

48° poor 

18° strong 

6.5° poor 

2-3° strong 

58° poor 

73° poor 

goo strong 

9,5° very strong 

on silver in air caused exten
spreacling of the glass and strong 

glass bonding. This behavior occurs because 
of solution of silver oxide bv the glass and corre
sponding saturation of the glass at the interface. 
ln vacuum, adherence 11as at the edges than 
in the center, color of the hacl slightly 
changed and there \\'as a finite contact angle (2°). 
In the absence of aclsorbecl oxide on the metal, 
these factors indicate the possibility of a redox 
reaction between silver and lead oxide in the 
represented by the follmling overall reaction: 

+ i)bO = 1'w 0 + Pb (substrate) ' glass , b2 (glass) (g) 

The free energy for thi.s reaction LIC is given by 

LIG 

L\G
0 is pos1t1ve. Therefore, the reaction proceeds 

if the equilibrium constant is sufficiently smaller 
than one to give a enough negative second 
term to result in a negative LIG. This could be 
realized easily at 700°C since Pb has a high vapor 
pressure and is removed from the site of the 
reaction. Strom::er adherence at the edges is clue 
to the easier escape of Pb(g) at the edges. In 
helium at atmospheric pressure this reaction does 
not take place since the Pb vaporization, and hence 
the reaction, are retarded at the interface. 
Consequently, the interface is not saturated with 
silver oxide and poor adherence results. 

adhesion of LBS glass to i\u in the 
presence of O:\jgen is clue to the dissolution of 
the surface oxide by the glass 1Vhich leads to the 
formation of a chemical bond at the interface. 
Lower contact angle in vacutun (6.5°) compared to 
air atmosphere (18°) is ex1Jlainecl by a higher 
driving force for by (ysv- Ysl) · 
Even though Y sl in air is lmver than in vacuun, 
Ysv in vacuum is sufficiently larger to give a 
larger overall value for (y ;;v y sl). l\'eak adherence 
in vacuum is clue to the lack of aJly reaction to form 
a chemical bond at the interface. 

Strong adherence of LBS glass to Pt in air atmos-
phere (contact 2 to 3°) and poor adherence in 
vacuun (contact angle 58°) 1vere The 
analysis is similar to that for on Au 
except that in this case the values for 
Y sv and Y sl Here such as to in a 
clnving force for (Ysv- Ysl) in air instead 
of vacutun. In the presence of carbon impurities 
(introduced by the graphite tube in the fumace) 
the adherence remained poor and the contact angle 
was increased to 73° due only to the reduction in 
the surface energy of Pt by carbon adsorption. This 
reduction was calculated to be ~43 ergs/cmZ. 

In helium atmosphere, the contact angle of silver 
on nickel was measured to be 9.5 at 970°C. In an 
air atmosphere it was 90°. Strong adherence \Vas 
observed in both cases. 2 sho1vs the cross 
sections of the interfaces, as observed in SHL 
In helitun no layer is observed at the interface 
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and adherence is clue to intenliffusion in the inter-
facial zone 1vith Ysv > Y] There is a NiO 
(thiclmcss ~s ]Jm) formed the presence of OJ\)'gen. 
In this case, Ylv > YNiQ/Q_ > YN·o· The interfacial 
energy betMcen Equid s1lver an~ :\iO is continuously 
reduced os the dissolution of NiO in silver goes on. 
l\11en this interfacial energy reaches that of NiO 
1vhich is not dissolving any Ag, a limiting contact 

of 90 o is reachecL 2 Chemical bonding is 
at this point because of chemical equili

librium at the interfaces. 

SILVER NICKEL INTERFACE 

TEMPERATURE: 970°C ATMOSPHERE: AIR 

CONTACT ANGLE (8): 90° 

TEMPERATURE 970°C ATMOSPHERE: He 

CONTACT ANGLE (0) 9°5 

Pig. 2. Photomicrographs of cross sections of 
silver nickel interface on exposure to (top) air 
and (bottom) hclitun. (XBB 780-13348) 

* * * 
~Brief version of LBL-9274. 
·.Permanent address: lle\vlctt-Packard, 3500 Deer 

Creek Road, Palo Alto, CA 94304. 
l. V. K. , Ph.D. thesis, LBL-9274, December 
1979. 
2. I. i\. ,\ksav, C. !loge and J. A. Pask, LBL-1870, 
Jul\· 1973. · 

4. RE/\CTION AND BONDING AT ZnO THIN FILM AND 
Si SUBSTRATE INTERFACES 

Shu Sheng Chiang, Anthony G. Evans, and 
Joseph A. Pask 

Adhesion has long been an elusive problem in the 
field of thin film technology. Consequently, 
reaction and bonding across the interface and their 
subsequent effect still remain poorly character
ized. The first step toward solving these problems 
is to develop an effective and reproducible method 
for evaluating the bond strength across the inter
face. Then, the effect of different reacti.ons and 
their influence on the bonding can be quantita
tively evaluated. 

In this study, a new adhesion test has been 
demonstrated using a microhardness indentation 
teclmique. The bond strength across the inter face 
can be measured in terms of fracture toughness, 
which is a function of the load applied; the size 
of the lateral crack created along the interface; 
and the material parameters of Young's modulus and 
hardness. 

Initial experiments have indicated that differ·· 
ences of bond strength across the interface for 
ZnO films annealed under different partial 
pressures of oxygen can be evaluated by comparing 
the size of lateral cracks. It was found that the 
film annealed at the lowest oxygen partial 
pressure exhibited the highest bonding strength 
as indicated by the smallest size of lateral 
cracks. 

~s ~~~<.~~I~~IgF s5IMi~~Et~1ATERIALS BY HY1JROGEN 

§ 
Stephen T. Tso and Joseph A. Pask 

The corrosion of silicate materials by hydrogen 
gas and HG acid solution was investigated by the 
gravimetric method. The reaction of silicate 
,glasses with HF acid solution was found to be 
diffusion controlled as evidenced by the invariance 
of the reacted glass surface morphology, the 
monotonously increasing reaction rate with increased 
agitation of solution, and typical lmv activation 
energies (<10 kcal/mole). The corrosion resistance 
to the HF acid solution decreased with the addition 
of either alumina or lime to silica. This decrease 
in corrosion resistance was postulated to be due to 
the increased phase separation in the silicate 
glasses. The reaction was assumed to consist of 
two steps, hydration of silica glass surface 
followed by its reaction with Hf. 

The rate was kinetically controlled in the 
reaction with the hydrogen gas. The loss of pure 
silica glass in the hydrogen atmosphere in the 
temperature range of 1200°C to 1400°( 1vas clue to 
a reaction 1Vi th hydrogen gas and not a decon~;osi tion 
as a result of the lmv partial pressure of oxygen. 
Surface devitrification of silica glass observed 
in hydrogen was attributed to a reaction with the 



sodium vapor from the socliLun oxide i.n 
t]y; alLUnina tube and b1· heat treatment 
of the tube. :\ cJri ll ing phenomenon \vas obsen·ecl 
on the reacted silica lass associated h·ith 
recleposi tion of on silica gJ ass. 
Both phenomena were attributed to the temperature 
pro [i.le in the glass clue to its transparency. The 
reaction mechanism of silica 11i th hydrogen 
gas involved the fonnation o a reaction product 
whose desorption was deduced as probably the 
slmvest step. The rate of ~Veight loss at l400°C 
\vas Lo- 2 gm/cm2/hr and LIE \vas 82 ± 8 kcal/mole. 

The addition of alLunina and/or calcia to the 
silica glass decreased the reaction rate with the 
hydrogen gas as indi_catecl for several glasses in 
the Arrhenius plot shmv11 in Fig. l. Tt also 
indicated that mullite (3Alz03·2Si0z) has the 
lmvest reaction rates. Since the silicate glasses 
were phase and not homogeneous and the 
reaction rates Here different for the different 
phases, a tnmsi tion \vas formed. This 
behavior is indicated jn the concentration profile 
for a glass with 30 \vt.% Alz03 2). An 
alLUnina residue was left behind reaction 
with hydrogen gas in all cases. The residue 
were porous and did not interfere \vi th the reaction. 
The weioht loss per tmi t area in the 
of the ~eaction is linear 1vi th reaction 

that the surface residue 
a barrier to the mass transport and that 
reaction is kinetically controlled. The apparent 
activation for the allunino silicate 
materials ,,'C;re kcal/mo le. J\ii th further 
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addition of 5 wt.% CaO, LIE was ~68 kcal/mole. 
The reactions of the gases are complex due to the 
presence of intermediate layer and no correlation 
between the apparent activation energies is 
presently available. i-Jo empirical correlation was 

Fig. l. Temperature dependence of total reaction 
rate of L glass (30 wt.% Alz03, 70 wt.% Si02), S 
glass (5 wt.% CaO, 38 wt.% Alz03, 57 wt.% Si02), 
and mullite (73 wt.% Alz03, 27 wt.% SiOz). 

OISTilNC[ IN i1ICR0NS 

Fig. 2. Concentration profile of L glass 11•ithout 
normalization obtained by electron microprobe. The 
low readings at about llO m are the result of a pore 
in the specimen. (XBL 799-11366) 

(XBL 797-654 7) 



found for the attack of the different gases by I-IF 
acid solution and hydrogen gas. 

Efforts were made to sinter the porous alwnina 
layer into a dense, protective layer. ln the 
alumino silicate glasses, the sintered ahnnina layer 
cracked into pieces as a result of mismatch in the 
expansion coefficients. For the silicate glasses 
Hith lime, homogenization and mullitization occurred 
before alwnina sintered. ~lulli te is the material 
with the most potential. It can 1vithstand the 
temperature necessary for the sintering of the 
surface residue layer and good adherence exists 
between the wweacted mull i te and the surface layer. 

* * * 
tThis work was partially supported by the National 
Science Fow1elation. 

tBrief version of LBL-9887. 
§Permanent address: Texas Instrwnents, P.O.Box 
225303, MS158, Dallas, Texas 75265. 

6. CORROSION AND ~!ECI-1AJ\JICAL BEHAVIOR CORRI:LATIONS 
WITH COMPOSITION /v\JD MICROSTRUCTURE OF ALUHI!\fll]\1 
SILICATE REFRACTORIES t t 

!vlichael D. Sacks, Robert B. Langston, Stephen T. 
Tso, § and Joseph A. Pask 

Seven commercial refractory specimens (Sio2 content ranging from 11 to 51 \vt. %) , as-received 
and heat-treated at l700°C, were exposed to corro
sion by HF aqueous solutions of several strengths 
at room temperature, and by flmvi.ng Hz at 1200°C. 

The weight loss on exposure to an HF solution 
under constant conditions increases with the SiOz 
content of the specimens. A dense polycrystalline 
mullite specimen and a.-Alz03 exposed to similar 
conditions showed no detectable loss of weight, 
indicating that an increase of SiOz of the refrac
tory specimen means an increase of glass due either 
to an excess of Si02 beyond that needed to form 
mullite or to incomplete reaction to form mullite. 
Heat treatment of the refractories generally 
reduced the amount of weight loss, but the increas
ing trend with increase of SiOz was similar. This 
behavior can be attributed to an additional conver
sion of some of the amorphous phase to mullite by 
reaction. The weight loss data for heat-treated 
specimens after exposure to 15% Hf solution for 
24 hrs is shown in Fig. l. 

The weight loss on eA-posure to flmving Hz at 
approximately atmospheric pressure at l200°C for 
24 hrs also increases with the SiOz content of the 
refractory specimens as seen in Fig. l. Although 
the reactions \vi th Hz gas and with aqueous HF 
solutions are different in terms of mechanisms, 
corrosion in terms of loss occurs in both 
cases because of Si02 loss, from the 
glassy or amorphous phases crystalline 
mullite is the most resistant to corrosive attack. 
Detailed studies would also have to take into 
accow1t microstructural features, such as pore 
volumes, sizes, and shapes. 
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Fig. 1. Correlation of weight loss ~Vith initial 
SiOz content for heat-treated specimens after 
corrosion by 15% I-IF solution for 24 hrs at room 
temperature and Hz for 24 hrs at l200°C. 

(XBL 777-5867) 

High temperature erosion resistance to particu
lates is a complex behavioral characteristic that 
is dependent on a number of factors, one of them 
being strength at high temperatures. Stress-strain 
data were thus obtained in compression at l200°C at 
a constant strain rate of ~1.4 xlo-5/sec for the 
refractory specimens. Ultimate compressive stresses 
vs. initial SiOz content for as-received, as
received acid-treated, heat-treated, heat-treated 
acid-corroded, and heat-treated I-Ircorroded 
specimens are shovrn in Fig. 2. It is evident that 
in the case of mechanical behavior a correlation 
with SiOz content does not exist. The microstruc
ture of the specimens controls their behavior. 
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Fig. 2. Ultimate stresses vs. initial 
SiOz content for as-received, as-received acid
treated, heat-treated, heat-treated acid-corroded, 
and heat-treated liz- corroded tested in 
compression at l200°C. (XBL 782-4659) 



Critical microstn1cture features are the nature 
of the grog relative to the matrix, the 
nature and amow1t of the matrix, and the nature 
of the porosity. 

tThis work was partially supported by the National 
Science foundation. 

tBrief version of Bull. i\m. Ceram. Soc. 2_13_, 691 
(1979). 
§Permanent address: Texas Instrwnents, P.O. Box 
225303, MS158, Dallas, Texas 75265. 

7. SINTERING OF ~ITJLLITE-CONTAINING CO~ !POSITIONS t :f-

Michael D. Sacks and Joseph A. Pask 

The sintering behavior and microstructure devel
opment of mullite powder compacts are affected by 
many processing variables. Physical inhomogenei 
ties in the green (pre-sinterecl) compact, clue to 
variations in particle/pore size, shape, and pack
ing characteristics, are important from teclmo
logical and theoretical vie1,'j)Oints. In respect to 
theory, most models of densification kinetics are 
based on the packing of particles in a geometrically 
regular fashion. In tenns of practical considera
tions, the clensification rate and the maximwn 
density achieved during sintering are altered by 
inhomogeneities in the powder compact. 

Figure 1 plots percent theoretical density (%pth) 
vs. the logarithm of time (9.,n t) for a mullite 
with an overall chemical composition of 73 wt.% 
Alz03/27 wt.% SiOz. The direct proportionality 
observed over a large range of densification 
(~60 - 75% pth) is predicted by several models for 
intermediate stage sintering, i.e., the stage in 
which (1) the porosity evolves from continuous 
open cham1els along grain boLmdaries to discrete, 
isolated pores at grain corners, and (2) grain 
growth occurs. 
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Fig. 1. Plots of %pth vs. logarithm of time for 
samples sintered in the range 1540-1730°(. 

(YJ3L 7810- 5889) 
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In a series of experiments \,:ith high surface 
area rm'' materials, tes were 
formed during on clensiflca-
tion kinetics The appearance 
of url\varcl slope changes in the %pth vs. Jl.,n time 
plots at lo1v temperatures indicates clensification 
substages caused by packing The 

in Fig. 3 is at a transition state in which 
(1) initially packed regions of the sample 
have sintered to theoretical (complete 
elimination of pores), but (2) loosely 
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73/27 "GEL_": GREEN STATE 

0 hr 05 hr I h r 12 h r 

Fig. 4. Top: SEM micrographs of compact surfaces of 73 wt.% Al z03 mulli tes 
which illustrate the breakdown large aggregates upon grinding (0-12 hrs). Bottom: 
Higher magnification micrographs which show individual crystallites. (XBB 780-14762) 

The effect of packing inhomogeneity on maximum 
density achieved is shoMT by Figs. 4 and 5. 
Figure 4 contains the green compacts of 73 wt.% 
Al 2o3 mulli tes ,,rhich have been subj ectecl to 
gnnding from 0-12 hrs. As grinding time is 
increased, aggregates are broken down and packing 
becomes more regular. In . 5, the maximum 
density achieved increases accordingly. 

"~-This work was partially supported by the National 
Science Fow1dation. 

tBrief version of LBL-10372. 
1. R. L. Coble, J. Appl. 787 (1961). 
2. Boon Wong, Ph.D. thesis, , June 1975. 
3. J. H. Rosolowski and C. Greskovich, J. /lm. 
Ceram. Soc.~' 177 (1975). 
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50o~---L---4~--L-~8~--L-~12~~~~16~_J ___ 2JO~~ 
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Fig. 5. Plot of %pth vs. time after sintering at 
1660°C for samples m 4. (XBL 7810-588-:) 

8. TIIEP.HJDYNAMICS AND ~lECH"v'HSMS OF SINTEP.INGt 

Joseph A. Pask 

is a complex process Hhich has been 
extensively studied but is still not completely 
understood. The objective of this ongoing study 
is to the thennodynamic and geometric 
factors that play a role in the process of densifi
cation of model compact systems consisting of 

spheres of unifonn size in regular and 
packing that fonn grain bmmdaries at 

every contact point. The thermodynamic driving 
force of negative free energy change exists in any 
system that is w1dergoing mass transport processes 
associated with densification. In sintering of 
crystalline single phase grains the driving force 
constitutes reduction of the overall interfacial 
free energy and can be expressed by 

0 cr· ) "syst 

which says that 
system is equal 
surface free 
the integrated 
\\~1en the Slml is 
proceeds. 

o Jv eli\ + o fy belA b 'sv sv g g (1) 

the free energy of the 
to the of the integrated 

(negative) plus the change of 
boundary energy (positive). 

negative the clensification process 

Although there is no Lmique value of y b/Y in 
a real system because of the anisotropy ot inE¥r
facial energies, it does not exclude tlle require
ment that the values for this ratio should be as 
small as possible. Theoretically, the smaller the 

theoretical density of the powder compacts, 
.e. the more open the packing, the smaller the 

Y ob/Y 5 ,, ratios should be to realize theoretical 
density in the sintered compacts. If the ratio is 



too , a thermodynamic encl point density mav 
be the rcsul t. i\m· acldi tive that \voulcl reduce 
the Y gl)Y sv values' is thus desirable. 

In densifying systems, the mass transport must 
occur in t\vo steps: movement from grain bOLmdaries 
fonnecl bv contacts to the neck and movement 
from the. neck region to the free In most 
real systems a neck forms and the slow step in sin
tering is the movement of material from the neck 

to the free surface regions clue to a thermo
dynamic driving force of reverse curvature in the 
free surfaces (see . 1). In special cases, a 
steady state neck does not form and the slow is 
movement of material from the bmmclaries 
the neck region ,]ue to a thermodynamic specific 
driving force of the presence of nonequilibriLun 
dihedral angle formed at the contact grain bmmdary. 

/51 Sz ( 1s1v 1s2s1 ( 
1s2v 

)(;a"\ \s1 

fGB < fs 1v+ fs 2v 

YGB " Y5 v cos ¢/z + Y5 v cos ¢jz 
I 2 

/GB" 2 fsv cos ¢/z 

YGaAv" 2 cos <1>/2 
At nonequilibrium 

Jl.~/ fl-!Ji))fL(l/ Jl.(f) ? Jl.® 

. 1. Cross section through neck region in the 
stages of \1'l1en reverse curvature 

exists. Rclati ve mag11i tude of chemical potentials 
at several si tcs arc :i.ndicated. ~!ass transport 
occurs continuously from 3 to 4, 2 to 3, and 1 to 2. 
Shrinkage or movement of centers tmvarcls each other 
then takes place. (XBL 789-5744) 

The stages of sintcring have been identified 
as follows. The PRELiii!INARY STAGE includes any 
rearrangement of the or particles and 
formation of necks or a frame\vork. The INITIAL 
STAGE corresponds to the period \vhcn shrinkage 
occurs with decreasing pore sizes but \vi th no grain 
grmvth and no formation of closed pores. The 
INTEPJ\IT~DIJ\TE STAGE corresponds to the period when 
grain grmvth starts and closed pores arc progres
sively formed in real svstems, becnuse of the 
presence of a range of iJarticle sizes <:mel shapes 
and anisotropy of interfacial The FI"JAL 
STAC;E of sintering corresponds to period when 
no open pores are present; grain grmvth can occur 
and can also continue into an period after 
the system has reached its maximum densit\·, but not 
necessarily theoretical Inspection then 
indicates that the lcongth of intcormcdiate stage 
is variable and is dependent on the character of 
the powder; for example, it is possible that in 
some systems \vith a broad particle size range the 
initial stage may be essentially nonexistent. 
Figure 2 shows the effect of sphere size on clensi
fication rates. 
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. 2. Schematic showing the effect of sphere 
size in compacts with simple cubic packing on 
clensification rates. (XBL 789-57481\) 

It is thus evident that the nature of the mass 
transport or diffusion path is not the same for the 
identified three stages of sintering. It is then 
unrealistic to attempt to develop a single equation 
based on basic principles to cover the entire 
sintering process that would be applicable to 
ali systems. 

Analyses of model and real systems indicate that 
the most critical factors in realizing uniform 
microstructures are homogeneity and uniformity of 
packing in the powder compact. If agglomerates and 
aggregates are present, processing procedures should 
be devised that would prevent their formation or, 
if they form, break them down either in the powder 
processing or fabrication steps. 

* * * 
t Brief version of LBL- 8419. 

9. SINTERING OF MgOt 

Boon Wong'l' and Joseph A. Pask 

Kinetic equations were formulated for the 
isothermal clensification of a single-phase powder 
compact for the initial and intermediate stages of 

These stages are identified as 
continuous open -pore stages, \vi th a decreasing 
number of voids and per unit volume accom-
panied by in the intennediate stage. 
The equations one based on mass transport 



along the grain bmmdary to the "neck" 
region as the rate-controlling step and one based 
on movement from the neck to the free surface 

as the rate-controlling step for each of 
these t11'0 stages. 

Isothermal studies were macle on 
tmcloped and CaO-doped pmvcler compacts in static 
air and flo1,1ing \Vater v;_1por atmospheres at 1230 to 
1600°[. of microstructural changes and 
kinetic clata supported the existence of distinct 
.initial, intermediate and final stages in the 
sinteri.ng of this in accordance 1vi.th the 
theoretical The derived equations 11'ere 
appliecl to the ini tia1 and in tennedia te stages. 
In a.ir, 11'as p1·oportional to t in the 
i.ni ti al stage and to £n t in the intennediate 
stage, both of 1vh ich were based on the fact that 
the rate-controlling step is the transport of mass 
from the neck region to the adj free surface 

In flmving Hater v
1

apor, the porosity 
function of tanh -l (- 0. 43Pl 2 + 0. 3) was propor
tional to t in the initial stage and to t -1/3 in 
the intennechate stage, both of which were based 
on the fact that the rate-control) step is the 
transport of mass from the contact to 
the adjoining neck regions, which the length 
of the diffusion path increased as densification 
progressed. 

The apparent activation energies for the 
sintering of tmdoped MgO compacts in static air 
and flowing water vapor atmospheres in the initial 

were ~112 and 50 kcal/mole, respectively. 
corresponds to the value for bulk diffu

sion of O.Ajgen whereas the latter corresponds to 
the value for grain-boundary diffusion, which 1s 
consistent 1vith the suggested mechanisms. Not 
enough data were available to determine the 
apparent activation during the intcnned-
iate stage for undoped and for both stages for 
CaO-dopecl ~!gO compacts. 

* * * 
i'Brief version of J. !\m. Coram. Soc. 62, 138 (1979), 
+and J. Am. Ceram. Soc. 62, 141 (1979). 
'~Permanent address: Spectrolab, 12500 Gladstone 
Avenue, Sylmar, California 91342. 

10. ANALYSIS Al'lD KINETICS OF SOLID STATE 
REACTIONS TN Pb0-Zr02 SYSTDrt 
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transport can be evaluated. The "shrinking core"l 
and the "grain model"2 equations were then modified 
\vhereby microstructural parameters exvlici tly 
appeared in the kinetic expressions. 

A theory Has developed which can predict abrupt 
in rate controlling mechanism in reactions 

accompanied by volwnetric changes on a microscopic 
level. Accordingly, it becomes possible to predict 
the conditions under which contact between reactant 
particles can be maintained or broken from the 
radius ratio of reactant particles and densities 
of the products and reactants. 

E:A.1Jerimenta1 work was carried out on the solid 
state reaction between mixed powders of yellmv lead 
monoxide and monoclinic zirconia to form lead 
zirconate. Reaction isothems at temperatures 
between 710 to 8l0°C were detemined for zirconia 
of two particle size ranges (Figs. land 2). 
Dimensional changes accompanying the reaction 
were measured. Composition profiles in the cross
sections of partially reacted particles were 
obtained by electron beam microprobe analysis. 

The reaction rate was strongly temperature 
dependent Lliltil approximately 85% of the reaction 
was completed. Apparent activation energy (QA), 
as detemined from Arrhenius type of plots (Fig. 3), 
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Fig. l. Reaction isotherms for lead zirconate 
formation. (XBL 797-6633) 

Sudhir S. Chamlratreyaf and Joseph A. Pask 
.so 
" models for solid state reaction kinetic~ X 

have limitations because (a) they asswne a geometry 
that ccm be realized only in gas-solid reactions 
which amounts to ignoring the pellet microstructure 
and does not account for the i.nfluence of prior 
processing steps, and (b) they cannot predict 
changes in rate limiting mechanism caused by local
ized microscopic volLunetric changes accompanying 
the reaction. Theoretical equations were thus 
developed to estimate the external mass transport 
flux in terms of microstructural parameters of 
mixed pmvder solid- solid reactions. Using these 
equations, relative contributions of bulk, surface 
and vapor phase diffusion to the total external mass 
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Fig. 3. Arrhenius plots for fixed amounts of 
reaction. (XBL 797-6638) 

was dependent on the extent of reaction and 
decreased with increasing temperature indicating 
mixed rate control. Averaged over the temperature 
range but for a fixed extent of reaction (X), 
calculated values of QA ranged from 104 to 130 
kcal/mole and the following relation was observed 
where 0 ~X~ 0.85: 

QA 129. 9 - 31.1 X . 

The reaction rates suddenly decreased above 85% 
reaction and after a 15% linear expansion, and 
were relatively independent of the temperatures 
indicating a low activation energy. The low acti
vation energy, which is typical of gaseous diffu
sion, suggests that external mass transport of PbO 
becomes the rate limiting factor above X 0.85 
which is predicted by the contact-maintenance theory 
after contact breakage. For an experimental value 
of :.1 ~ 0.1 and an assumed Z ~ 2.0, theoretically 
this breakage should occur at X= 0. 92 with ~18% 
linear expansion if no shrinkage follows expansion. 

Zirconia powder with larger particle size reacted 
faster than powder with smaller average particle 
size. The specific surface area measurement and 
pore structure analysis indicated that the coarser 
powder had higher specific surface area and higher 
proportion of finer pores. Therefore, the faster 
reaction rates observed in coarser zirconia can be 
attributed to reaction proceeding along the intra
particle pore surface in addition to the exten1al 
surface of the particles. The "shrinking core" 
model frequently employed in solid-solid reaction 
studies would thus be inadequate in this case since 
it assumes nonporous particles and predicts faster 
reaction rates ~~th decreasing particle size. 

llO 

Microprobe profile analysis indicated a gradual 
composition change across the particle cross section. 
The absence of a sharp compositional change and 
uniform composition confirms mixed rate control by 
both diffusion and phase boundary reaction. 
Temperature dependence of QA can be attributed 

to changes in relative 
and interfacial reaction with temperature. 
Dependence of QA on the extent of reaction suggests 
that the pore structure changes during the reaction 
\vhich affects the diffusive mass transport. If the 
pore structure changes are a modified 
"grain model" can be used to reactions 
\vi th mixed con tro 1. Hmvever, for a meaningful 
analysis independently obtained data on various 
mass transport mechanisms \,·ould be required, which 
unfortunately are not available for the present 
case. 

tBrief vers.ion of LBL-9839. 
'~'Permanent address: Hewlett-Packard, Cupertino, 
California. 
l. J. Szekely, J. W. Evans, and H. Y. Solm, 
Gas-Solid Reactions, Chap. 3, p.65 (Academic 
Press, 1976). 
2. Ibid, Chap. 4, p.108. 

RESEARCH PLAJ\JS FOR CALENDAR YEI\R 1980 

Glass/metal interfaces. Studies are continuing 
on spreading, wetting, and reactions at interfaces 
at elevated temperatures between liquid glasses and 
metals. Factors being explored are the effect of 
impurities and adsorbed species. Extension of 
current concepts based on element metals 
will be made to binary and ternary alloys. Elements 
of primary interest are iron, cobalt, nickel, and 
chromium. Of particular interest is the detennina
tion of the conditions under which adherence occurs 
in these complex systems. 

ZnO/substrate interfaces. Conditions under which 
chemical bonding occurs at the interfaces between 
sputtered ZnO thin films and Si substrates are 
being evaluated. In addition correlations will be 
made between processing variables and microstructure 
of the ZnO thin film and interfacial zone; correla
tions 1vill also be made between the microstructure 
and properties. 

Hydrogen corrosion of Al silicate materials. 
NSF support for a project entitled "Structure, 
Strength and Corrosive Resistance of Alumimun 
Silicate Materials" will continue through the 
calendar year. The project objective is to deter
mine the mullite-containing compositions and micro
structures that have the best to resist 
corrosion by l-Iz-containing atmospheres encountered 
in coal gasification processes. Kinetics and 
mechanisms of the corrosion processes, to which 
different phases in a normal microstructure are 
exposed, are being studied. A major effort is also 
being made to realize a theoretically dense poly
crystalline mullite by pressureless sintering and 
to study the kinetics of sintering. 

Liquid phase sintering. Studies are continuing 
on liquid phase sintering of alumina with anorthite 
(calcilun alumimun silicate) liquids. The hot stage 
scanning electron microscope is a major tool. 
Correlations of the Sl':J\1, sessile drop and dihedral 
angle data will be made with the microstructure 
development and with liquid phase theories. 
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1. Pi\lUIAL JIDL,\L PROPIRTIJ.:S OF C:Oz IN C:aC:03 "''u\JD 
TILE SOLUBILITY OF CaO I:\ CaC:O, :\S A FW-JC:TlO:\ OF 
TEMPUIJ\TURE : ~ 

J.lama K. Shukla, Davie! J. ll!eschi, ancl i\lan W. 

The model developed by ancl Bcruto for 
analyzing the kinetics of clecomposjt:ion reactions 

the importance of activ variations of 
the chemicaL components of the 
of CaO and COz in C:aC03. 1 1\s far as we know, 
or no effort has previously been made to measure 
composition variations and the effect of this varia
tion on partial molal properties in complex salts 
such as metal carbonates (as distinct from solids 
formed from pairs of complex salts such as the 
MgC03 CaC0:3i)Jla5e, dolomite) . The present 
\vas directed toward the molal 
thermocl)llamic for C:Oz in CaC03 as a fLmc-
tion of its to COz composition ratio, and the 
solubility of CaO in the CaC:03 phase at 770--1000 K. 

Tho :mparatns esscntiully consists o[ :t mano
meter, gas burette, furnace \vlth temperature con
trol, mass spectrometer, and vacuLun line assembly 
Deviations from stoichiometry as small as 4 X JQ
were measured. 

For calcite powder at lmv temperatures an irre-
versible conversion of about 1 monolayer of to 
o= gave an initial composition change which was 
larger than the subsequent reversible composition 
changes that accompanied increases and decreases in 
C02 pressure in the system. L, in which 
points are numbered in the order in 1vhich data were 
taken, illustrates the irreversible and subsequent 
reversible changes. At higher temperatures \vi th 

of lower surface area, the surface effect 
Has not important (Fig. 2). 

From the measurements the [ollmdng values of 
molal 1vere calculated for the 

two components: 

IIllo C:aO 

L\W C:Oz 
, .. 5oTh 

.c COz 

·soTh 
"' CaO 

:~5. 6 K cals/mole 

76. :[ ~ K cals/mole 

--56.8 eu/molc 

21.8 eu/mole 

work \\'aS supported by the Division of 
~!aterials Sci.ences, Office of Basic Energy 
Sciences, U.S. Department of 
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Using these values, values of the saturation con
centration of CaO in the stoichiometrjc CaCO, phase 
were to higher temperatures. This has 
Joel to a modified phase diagram for the CaO-CaC03 
system (Fi.g. 3) . Solution limits are shown as 
clashed lines because the data belmv the eutechtic 
are calculated, not directly measured, and the data 
above the eutectic estimated. 

* * :J: 

version of LBL-9885. 
l. D. Bemto and A. \V. Searcy, J. Phs. C:hem. ~3_, 
163 (1978). 
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2. 11-IE KIJ\'ETICS OF DECO!IIPOSJTION OF CaC03 AT HIGH 
COz PARTIAL PRLSSUHLS i 

Rama K. Shukla and 1\lcm 11. Searcy 

Considerable controversy exists over the depend
ence of rate of clecomposi tion of calcite at h.igher 
COz pressure both in theoretical predictions and 
experimental measurements.l-3 The apparatus which 
was developed for use in measuring the effect of 
COz on the composit.i.on of CaC03 (prevj.ous 

been used to re-examine the effect of 
COz pressure P on the rate of CaC03 decomposition 
in the range from P/Peq = 0.01 to 0.8 in the tem
perature range of 500-';00°(. 

Decomposition cycles on a single crystal speci
men were found to be extremely reproducible. I'"'
periments 1vith calcite powder showed that decompo
sition flux depended upon sample bed depth especial
ly at low COz pressures. The pressure dependence 
of the decomposition rate for single crystals was 
found not to follow either an equation of the fonn 
j k (1-P/Peq) or j = k(Peq/P-1), where j is the 
flux and k is a constant, as predicted by various 
theories,l-4 and as seemingly confinnecl by measure
ments over limited pressure ranges.l-3 

Figure 1 shows apparent on a Peq/P 
plot, but Fig. 2 shows curvature when Peq/P 
approaches 1. 

2.0 

<i) 
I 1.5 
0 

I 
0 
w 
(J) 

(\j 
I 

z 
0 

1.0 
(J) 

2 
(!) 

Granular Calcite 

T = 900°K 

Fig. 1. Decomposition flux, j , vs P eq/Pco2 for 
granular calcite at 900 1\, shmving apparent linear 
relationship at pressures close to ·equilibrium. 

(XBL 797 -6690) 
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Fig. 2. Decomposition flux? j? vs Pec(Pco2 at 900 K 
at pressures close to equlllbruun shm~lng non-
linear behavior. (XBL 797 -6689) 

To determine the activation enthalpy of decompo
sition, Arrhenius plots were obtained for decomposi 
tion fluxes at different temperatures, but at con-
stant value of from equilibrium, 
El (=P/Peq). For single crystals, i\1-l'" remains 
approximately constant at 49.2 ± 1. 2 K , 
for values of 0 ,:;; 0.1, which agrees very well with 
the activation enthalpy for single crystals decom
posed in vacuum. For El > 0.1, t\W' rises to an 
average value of 61.8 ± 1. 8 K cal/mole. It there
fore follows that the decomposition of calci.te has 
different rate limiting steps at low and relatively 
high COz partial pressures. 

* * * 
tBrief version of LBL-9885. 
1. E. P. Hyatt, et al., J. Am. Ceram. Soc. 41, 70 
(1958). 

ll4 

2. E. Cremer and W. Nitsch, Z. Elektrochem. Ber. 
Bun Phys. Chem., 66 697 (1962). 
3. J. ZawaJ.zki al. , Trans. Faraday Soc. 34, 9 51 
(1938). ~· 

4. D. Beruto and A. W. Searcy, J. Phys. Chem. il3_, 
163 (1978) . 

3. Tflli INRUENCE OF SELF-COOLING ON THE APPAHENT 
ACTIVATION ENTHALPY OF DECOMPOSITION OF Caco3r 

Elizabeth K. Powell and Alan IV. Searcy 

Recently investigatorsl,Z have argued that values 
reported for the activation enthalpy of 
tion of calcite are invalid because the 
rates under the conditions of study were limited by 
thermal transport or gas phase diffusion. If such 
a conclusion were accepted for calcite decomposi
tion, a similar conclusion would follow for essen
tially all endothermic decomposition reactions be
cause the decomposition behavior of calcite is 
qualitatively similar to that of other solids. We 
have measured calcite decomposition fluxes in 
vacuum.3 Cas phase diffusion cmmot limit such 
measurements. We summarize here the results of 
analyzing the thermal balance in that decomposition 
for which energy is supplied by radiation and re
moved by radiation and by the endothermic conver
sion of CaC03 to CaO + COz. 

The straight line of Fig. l is a linear fit of 
the experimental data. The lowered curved line 
illustrates the kind of variation of flux Jco2 with 
apparent sample temperature T1 that would be 
observed if (a) the observed linear flLLx dependence 
correctly described a chemical rate dependence at 
low temperatures, but (b) self-cooling is suffici
ent to reduce the surface temperature at the mid
point of the exrperimental range to Tz for which the 
flux is 7 5% of the flux at T1. The upper curved 
line illustrates the way that log Jcoz must vary . 
with 1/Tz if (a) the measured flux shows the e.>-.rpen
mentally recorded temperature dependence on 1/Tl, 
but if (b) the flux measured when T1 is 1000 K is 
only 75% of the true flLLx when Tz is 1000 K. 

Self-cooling should cause curvature qualitative
ly like that of the lower curve of . 1, but no 
curvature is apparent in the plot of experimental 
data.3 

The maxiJnLml extent of curvature from self-cooling 
that could be hidden by scatter in the apparently 
linear plot of exrperimental data would not intro
duce more than 1.5 kcal uncertainty into activation 
enthalpies calculated from the temperature depend
ence of the measured fluxes. The apparent enthalpy 
of activation for calcite decomposition in vacuum 
is3,4 SO ± 3 kcal, compared to 40.5 kcal for the 
standard enthalpy of calcite decomposition at 
1000 K. 

tBrief version of LBL-9692. 
1. P. K. Gallagher and D. W. Jolmson, Jr., Thenno
chimica Acta, ()_, 67-83 (1973). 
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Fig. 1. The solid curve shows the measured flux 
densities of C02 as a fLmcti.on of temperature. The 
lower curve shows how self-cooling would change the 
apparent flux dependence and the upper curve shows 
the kind of (theoretically implausible) flux depend
ence that a self-cooling error could cause to yield 
a linear ln flux vs. 1/T plot. (X.BL 795-6368) 

2. See K. M. Cladwell, P. K. Gallagher and D. W. 
Johnson, Jr, Thermochimica Acta, 18, 15 (1977). 
3. The experiJnental study was suinarrized in the 
1978 Ju111ual Report LBL-8580. 
4 . D. Beruto and W. , J. Chem. Soc. , 
Far. Trans. I, (1974). 

4. CATALYSIS OF THE DECOlvUJOSITION OF CaC03 AJ\JD OF 
THE SINTERING OF CaO 

Gary Knutsen and Alan W. 

Recent studies in our laboratory have sh01m that 
CaC03 decomposition does not yield equilibrium C02 
pressures from CaC03 in open crucibles or even in 
effusion cells with orifices as small as 0. 23 mm 
diameter. Endothermic decomposition reactions, 
such as CaC03 decomposition, have connnonly been 
called reversible, and the possibility that their 
rates can be increased by has previously 
recei vecl little or no attention. H01vever, 
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son of equilibrium pressures to pressures 1vhich cor
respond to fluxes generated from free surfaces of 
CaC03 crystals shows that the reaction rate could 
in princip1c be increased by a factor of 105 if a 

suitable catalyst could be fmmcl. This article re
DOrts an effort to find a catalyst for CaC03 
~lecomposi tion. 

To simplify the exjlerimcnts, a catalyst was 
sought that has a mass flux during 
which is at least an order of magnitude belmv that 
of the COz from CaC03 but than the mass 
flLLx of Ca(g) and Oz from ,,.i. th this 
kind of vaporization behavior allow C02 flLLx to 
be determined with little error from the sample 
weight loss. The catalyst can then be removed by 

to leave essentially pure CaO for 
x-ray diffraction and scm111ing electron microscopy 
sutclies. Promising possibilities turned out to be 
NaCl and LiCl. Of these, LiCl proved to be the 
better catalyst. 

M1en 10 1vt% of LiCl was aclclecl to CaC03 in an 
effusion cell ~Yith 0.23 mm orifice diameter, the 
C02 flLLx was increased by a factor of two over that 
from the w1catalyzed cell, and the equilibrium C02 
pressure was attained. The rate of effusion of C02 
was also constant until reaction was about 95% com
plete while the flux in the absence of a catalyst 
decreased by a factor of two from the time reaction 

w1til reaction reached 85% of completion. 

Cells \vere heated lLntil the CaC03 was completely 
decomposed and the LiCl completely vaporized from 
the sample. The subsequent pmvcler pattern 
showed highly crystalline CaO. The area of 
the CaO was 1 m2/gm. In contrast, the product from 
the WlCatalyzecl reaction in a cell of 0.23 nun diame
ter orifice is poorly crystalline and has a surface 
area of 40 mZ I gm. The SDl micrographs in Figs. 1 
and 2 show the difference bet1veen calciLun oxide 
obtained from catalyzed CaC03 at 700 C. 

It is evident that LLCl 
ing of CaO at only 700 C. 
cles must not adhere to 
CaO layer would reduce the 

promotes extensive sinter
The sinterecl CaO parti

because an adherent 
of decomposition. 

. 1. SHl photograph of CaO prepared by decom
posing CaC03 in an effusion cell without a 

(XBB 784 



. 2. SEl\l photograph of CaO prepared by decom
posing CaC03 under the same conditions as used for 
the sample in Fig. l except for the presence of 10% 
LiCl which was removed by vaporization after decem-

was complete. (XBB 790-12874) 

5. THE KINETICS OF REi\CTION OF COz \VITH POROUS CaO 
POWDERS 

Gary Knutsen and Alan \V. Searcy 

A new Calm 1000 microbalance and an automated 
contro11ing device have been incorporated 

a system designed to study the reaction of COz 
with porous CaO obtained from CaC03 decomposition 
in vacuum. After calibration of the system by 
measuring the vapor pressure of NaCl, ~o. 7 grams of 
CaCO~'\ was decomposed in vacuum at 600 C, the product 
porous CaO (~9Q m2/gm surface area) was then reacted 
with COz gas. 

The equilibrjUJn COz pressure was detennined bv 
the that causes neither a weight 

gain or loss in the at 600, 650, 675 
and 7D0°C. All values were about 40% below the 
reported COz equilibrium values.l Samples of the 
porous CaO were reacted with COz at 1.3 times the 

detennined COz equilibriUJn pressure 
at 600, 650, and 700 C. The rates of the back reac
tion of COz with the porous carbonate arc sh011'l1 in 

. l for 600, 650, and 700 C. The reaction rate 
was linear until the sample reached 65 
to 70% of theoretical recarbonation, of 
the of reaction. For the 
tion, activation enthalpy at constant COz ac

is calculated to be 13.6 kcal/mole. 

The x-ray diffraction pattern showed the product 
to be CaC03. The surface area was 
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5 

Fig. l. SEivl photograph of ~7o% recorbonated parti
cles of porous CaO powder. (XBB 790-15764) 

<1 m2 I gm. An SEJvl micrograph (Fig. l) shows the 
rUJnpled surface obtained from the 700 C sample. 
SEM photographs arc similar for samples recarbon
atcd at 600 and 650 C. 

The initial linear reaction rate implies that 
the rate limiting process until the reaction is 
more than 50% complete is a surface step, rather 
than diffusion through the Caco3 product layer. 
The fact that the surface area measured for samples 
that were only ~70% reconverted to CaC03 is only 
~1 mZ/g- about the area expected for nonporous 
powder particles--implies that the decrease in rate 
in the later phases of reaction is a consequence of 
blockage of pores well before the reaction is 
complete. 

1. K. II. Stern and E. L. 1Veisc, NBS Report 
l\SRDS-NB530 (1969). 

6. CHARACTERIZATION OF THE POROUS CaO Pi\RTICLES 
FOR!\ !CD BY DECOMPOSITION OF CaC03 J\,\'ll Ca (OI-l) 2 IN 
V AClJUl'·lt :t-

Dario Beruto, Alan W. Searcy, Luigi Barco, and 
Giorgio Spinola 

Because of its high , further charac-
terization of the properties of sr-CaO (the CaO 



produced by decomposing C:aC:CJ3 in vacuum) is of 
tent i al importance for removal of 
from steel, petroLeum, and coaL 'T'he properties of 
CaO pt'oduccd by decomposition or Ca(OJI)2 in vacutun 
arc also or interest: f_i_rst because:; th.is form of 
C:e~O (called h,CaO) has a higher surface area than 
cloes sr-CciO; second because the layer structure of 
C:a(Olll2 is likely to cause I to escape by clLHu, 
sion in t\1'0 dimcns_i_ons instead of three; and third 
because we disbeJicvccl the report that the initial 
CaCl Co nnecl from C:a(Ol I) 2 dc::compos it ion has a pseudo
C:a (Oil) 2 s tructurc. J 

!lot stage x-ray diffract] on measurements shmvecl 
that the normal lographic modifiu1 ti on of 
CaO _i_:c; produced from both CaC03 and Ca(OH) 2 from 
the time that decomposition commences. Earlier 
reports that pseudo-calcite and pscuclo-Ca(OH)z 
l'orms of C:aO are the i_nitial product of decompos:i-

ion are in error, probably because reaction of 
water ,,,j th h-CaO and sr,CaO occurs before 
CaO peaks cJn be detected. 

Integrated breadths of the CaO XPD peaks 1vere 
essentially constant through the course of either 
decomposition reaction. This result shm,·s that the 
pressure of COz or I-!zO by the clecompos:i
tions are two low to catalyze signihcant CaO crys 
tal gro1vth or annealing the course of the 
reactions. Samples kept under vacutun at the tem
perature of decomposition for 15 hours after decom
position \•Jas complete also showed no XRD evidence 
of growth. From the 1 i.ne broacleni_ng h -CaO 
and sr-CaO crystal dimensions are both calculated 
to be ~Joo /\. 

Surface areas were calculated from aclsoprtion 
isotherms to be 79 m2jg for sr-C:aO and m2.g for 
h-C:aO. Isothcnns for h-CaO had forms consistent 
with the anar symmetry of pores, ancl 

CaO 1vere consistent with De Boer's 
o I cal S)1nmet ry. 

for h-CaO and 
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ty of particles of sr-C:aO and of h-C:aO 
arc to be ~ss% and ~so% from the asstunp-
tion that they have exactly the scune exterior dimen-
sions as the CaC:03 or Ca (Oil) 2 clcs from 1vhich 
they 1vcre formed. The actuaf porosi tics of the t1vo 
types of C:aO were calculated from the 
volume of that they absorb when the Nz pressure 
is infini.tesimally bclmv the cquiLibritun vapor pres
sure or Nz at 78 K. By thi_s means, the porosity of 
sr-C:aO is found to be LJl. 5 t 5%, and that of h-CaO 

These results indicate that although 
of sr,C:aO and h-CaO appear in 

to be unchanged in shapes and dimen-
sions from the parent of CaCO:s and 
C:a(Oll)z, the decomposition reactions are accompa
ni.ccl by some particle shrinkage. 

tThis \vork was supported by the Division of 
Materials Sci.cnces, Of ficc of Basic Sciences, 
U. S. or Energy and in part at Labora-
tor.io de C:himica, Facolta eli , University 
of Genova, Genova, I under partial sponsorship 
of the Centro Stucli eli Chi.mica e Chimica Fisica de_i_ 

del CNR. 
version of LBL-9713. 

1. D. R. Glasson, J. Chem. Soc., 1506 (L956). 

7. USE or: N2 ADSORPTION ISOTI!ER!\1S TO DEDUCE 
P.E/\C[I\NT- PRODUCT ORIHH;\TION OF RELu\TIONSf!IPS lN 
Vi\POR Plli\SE IIYDRATION OF SUB-MICRON Pl\RTICLES OF 
caott 

Dario Beruto, J\lan \Y. 
c;abri ele Belleri 

, Luigi Barco, ancl 

The porous CaO powders which are produced by 
decomposing nonporous CaC03 or Ca (Oil) 2 powders in 
vacuLun react very rapidly \vi.th water vapor at room 
temperature. As part of a study of the kinetics of 
that reaction, the authors have clcclucecl the proba
ble orientation of the product Ca(Oll)Z relative to 
the initial surfaces of the parent CaO crystallites 
from the pore size clistributi.on before and after 
reaction. The orientation relationships would be 
difficult to obtain by diffraction tcchni.ques be 
cause the C:aO crystallites that make up the porous 
particles have dimensions of the order of 0. 01 ]Jlll 

(LOO A) . The influence o I pressure of water 
on morphology surface area, and pore size 
bution, and relative of Ca(OII) z pow-
ders of three different c surface areas arc 
reported. 

The fact that rchyclrat.Lon occurs with only 
Jn shapes shmvs that reaction 

occurs primarily at internal pore surfaces. Pres-
sures of ~Vater vapor arc too low for con-
densation. Reaction must proceed by solid state 
diffusion, presumably of \vatcr. 

From the knmvn cyrstal strucutrcs o[ CaO and 
Ca(OII)z it can be shm111 that the rehydration of 
porous C:aO powders ,,,oulcl be expected to cause 

of solids in the 
distribution 

1), hmvever, indicate 
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Fig. 1. Pore size distribution in CaO fanned by 
Ca(OH)z decomposition in vacuum (Curve 1), pore 
size distribution when that CaO is reacted with 
HzO at 4 Torr pressure (Curve 2), and 15 Torr 
(Curve 3). (XBL 799-7108) 
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that the hydration reaction causes expansion princi 
pally normal to pore surfaces. It is suggested that 
shearing forces introduced by the expected aniso
tropic expansion causes extrusion into the pores of 
Ca(OH)z crystallites formed at CaO particle surfaces. 

The morphologies of Ca(OH)z particles studied as 
a function of I-!zO pressure show that water vapor 
catalyzes condensed phase movement of Ca (OI-l) 2 at 
25°C. The weight of Ca(OI-!)z that reacts with COz 
gas at 250°C is essentially a constant function of 
surface area. 

* * * 
i·This work was supported by the Division of 
Materials Sciences, Office of Basic Energy Sciences, 
U. S. Department of Energy and in part at Labora
torio eli Chimica, Facolta eli Ingeneria, University 
eli Genova, Genova, Italy under partial sponsorship 
of the Centro Studi eli Chimica e Chimica Fisica dei 
!vlateriali del CNR. 
'!'Brief version of LBL-9943. 

RESEARCH PIJ'\1\JS FOR CI\LENDAR YEAR 1980 

Measurements of the kinetics of decomposition of 
SrC03 single crystals in vacuum will be completed. 
No kinetic data have been ava:i.lable for this reac
tion. Its behavior is of particular interest be
cause strontium belongs to the same chemical 
as calcitml and magnesium for which the carbonate 
decomposition behaviors differ significantly. 

Preliminary observations of in-situ decomposi
tion of CaC03 crystals i.n a scanning electron micro
scope reveal a process 1vhich appears to be a strain 
induced cooperative movement of porous CaO particles 
past each other. Further scanning observations are 
pLumed for CaC03 and for BaC03. The BaO 
formed from BaC03 decomposition has a very 
ent appearance from that of the CaO from Caco3 , 
which suggests that the BaO forms by a different 
mechanism. 

Transmission electron microscope observations 
will be completed for in-situ decomposition of 
lllgC03 and clolomi te. These measurements are yield
ing the particle size and orientation relationships 
of the product porous oxides relative to the parent 
carbonate phases. 

The use of a mass spectrometer to study the 
kinetics of decomposition of S03 gas to SOz gas 
plus Oz gas in an experimental range intermediate 
between that conunonly employed chemical engi 
neers and chemical physicists be continued. 
The study is both a prototype test of a new approach 
to reaction kinetic studies and a source of new 
information about catalysis of an industrially 
critical reaction. 

The influence of iron oxides and other catalysts 
on the rate of decomposition of SrS04 single crys
tals will be investigated in a mass spectrometer. 
The products of partial and completely decomposed 
crystals 1vill be sectioned and and submitted to 
microchemical analysis to ascertain whether or not 
the catalysts act by diffusion through the porous 
product layer to the advancing interface of the 
SrS04. 

A study of the thcnnodynamic stability of the 
MgO product of decomposing Mg(OH)z in vacuum will 
be continued. Thennodynamic data derived from the 
apparent equilibrium pressure for the reaction 
Mg(OH)z + Mg) (s) + HzO(g) in a Knudsen effusion 
cell are in disagreement ~Vi th lmmm data for the 
reaction from other sources. The calorimetric 
measurements will test whether or not the 
ancy is a consequence of very high metastability 
for the porous oxide fon11cd by vacuum decomposition. 

A collaborati.ve study with Professor Dario 
Beruto's group at the University of Geneva on the 
kinetics of reaction of various porous forms of 
CaO 1vith water vapor at room temperature Hill be 



completcxl. The data so far obtained suggest that 
the reaction proceeds at a very high rate w1til 
access to the interior of the porous oxides is 
blocked by formation of the Ca (Oil) 2 reaction prod-
uct. to test this interpretation are 
planned. 
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1. G;\S SOLID RE\CriON: REDUCTION OF OXIDES 

L. C:. De .Jonghe, J. Porter, ~mel ill. 

lVe have exJm.lnccl of hydrogen reduct ion 
of cobalt ferrlte in tanperattrre rm1ge between 
500 ancl 800°C. We have used imetric 

and electron microscopy to elucidate the 
nature of the various reaction steps in the re
duction. [t was found that in a tcmperilture range 
between 500 nml 650°C: and under the reaction conch
tions used, the reduction reaction could be simply 
expressed as: 

1vhere 

k 
r 

the rate of thickening, 

interface reaction rate coefficient, 

the effective gaseous diffusion 
coefficient in the porous product 
scale, and 

(1) 

bulk pressure of hydrogen in the gas 
stream. 

The nwss transfer from the gas bulk to the 
sample appeared to be of negLigible resistance. 
From Eq. (1), it can be seen that if the inverse 
rate is plotted vs. the layer thickness, a linear 
re lati_onship should be obtained. Figure l sho11rs 
how well the linear relationship is indeed obtained 
in the temperature menti.onccl. I-Io1vever, it 
also sho11rs serious arotmcl lJ53 K. The 

deviation from the simple expression for 
rate (Eq. l) is due to~ rc~rtion 

rate anomaly, as is evident from . 2. Of 
special interest is the behavior at 9:c~) K, where 
we observe an fast reaction rate that 
after some layer thickening changes to a slmv 
reaction rate. Transmission electron microscopy 
has sho1v11 that the initial reaction is one where 

is directly converted to metal. At longer 
, a 1viisti te subscale appears ,,,hich is associ

a ted 1vith the slo\1'clown of the reaction rate. 

The reaction rate anomaly and the absence of 
wiistite in the of the reaction arc 
considered to be cl effect. lndeecl, the 
rate of gro11'th of a small cobalt -wlisti te prec 
at the metal/spinel interface, has he compared 
to the rate of interface advance, (Eq. 1) . If 
the is consumed by the advancing inter
face more rap idly than it can grow, then il conti.nu
ous wustite layer cannot form. The grmvth rate of 
the 11rilstite , Vw, at the advancing 

This work was supported by the Division of 
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. 1. Reduction kinetics at 100 Torr for 
mens reduced between r; :s ancl 'i 'i c; 1\. The 
interface advance rate is plotted <lgcLinst 
thickness calculated from the loss 

the Jaycr 
data. 
follow Note that at 953 K the kinetics no 

the simple relationship expressed in Eq. ) . 
(XBL s:mJ) 

metal/spinel interface can be conslclerccl to a first 
approximation to be a constant for a constant " 

ancl pressure. From a comparison at I" 
vw, a critical layer thickness, , can be 

found at 11'11ich \vi.isti.te can fir::;t appear. 1\'c find 
this cri.ti.cal layer thickness to be of the form: 

1vhere 

c 
0 

il]: 

constants, 

RT/k Pb ] 
r II ' 2 

(2) 

chemicaL potentiaL cl i. f Ference clctcrmi n · 
v,,, 

activ~1tion energy [or v1,,. 



1 
PH 

2 

spinel/ metal 

spinel/wustite I metal 

temperature 

Fig. 2. Qualitative behavior of Sc as a function 
of temperature, according to Eq. (2). 

(XBL 798-11035) 

Also, there should be a temperature T0 at which 
wlistite is initiated immediately at the beginning 
of the reaction. This temperature 1vould be one 
where the rate of growth of the wiistite precipi
tate always exceeds the rate of spinel metal inter
face advance. T0 is fotmcl to be of the fonn: 

where 

T 
0 R~~(k /C 6w A*) ' 

3 0 

=an interface transport coefficient. 

Since all the kinetic parameters arc not yet 
known, only the qualitative behavior of E:c can be 
considered (Fig. 2). It is apparent from this 
figure that the reduction rate will be characteris
tic of a direct spinel/metal reaction until t; = t;c. 
At that point the reaction rate should become 
characteristic of the spinel/wUsti.te reaction. 
The pressure dependence of this critical thiclmcss 
should be such that at a fixed temperature E:c would 
increase with increasing bulk hydrogen pressure, 
and at fixed pressure E:c would decrease with in
creasing temperature. This behavior has been 
confirmed experimentally. 

A number of conclus.i.ons could be drawn from 
the present 1vork. 

1. Belo1v 993 K, the reduction of cobalt ferrite 
by hydrogen at reduced pressures was shmvn to be 
under mixed control of the chemical reaction at 
the scale/cobalt ferrite interface and of the 
gaseous diffusion through the scale. The impor
tance of the gaseous diffusion resistance through 
the scale increases with increas temperature. 

2. The effective diffusion coeffici.ents of gas 
through the scales were cletcnninecl to have both 
Knudsen and molecular components. The changes in 
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the chffusion coefficient as a function of the 
reducing conditions could be attributed to ch;mgcs 
in the scale morphology. 

3. The interface reaction 1vas found to follow 
Langmuir-Hinshclwoocl kinetics. 

4. The react i.on rate minimun that was observed 
at 700°C 1vas caused by the development of a contin
uous subscale of cobalt -wi_isti.te. The incubation 
period for the development of the subscalc could 
be attributed to the different velocities of the 
spinel/metal interface and of the wUstitc/spincl 
interface. A critical layer thickness Has defined 
as a thickness of the metal scale at the moment 
when the subscale bcccune continuous. The 
turc and pressure dependence of the critical ayer 
thickness was found to be in agreement with the 
proposed model. 

* 1.· * 

tBricf version of LBL-9801. 

2. TRI'INSIENT LIQUID PHASE SINTERINC OF CERAniCS 

S. C. Hu and L. C. De Jonghc 

Experiments have been performed to clarify the 
role of small amotmts (up to 10 mole%) of transient, 
reactive liquid phases. In several ceramic systems, 
such transient liquid phases have been noted to 
increase significantly the rate of densifi.cation 
of the powder compacts. A number of binary systems 
1Vhere the second compound is the minority phase 
were examined. These included !\lz03-v2o3, NaCl-KCl, 
CaO-CoO, and CaFz-MgF2. The effects of the ackli-
tive were noticeable under the following con-
ditions: 

1. The matrix powder and the additive have a 
significant mutual solubility. 

2. The clensification rate of the pure powder 
should be low. This is the case, for example, 
when the presinterecl density is less than 55% of 
the theoretical one, and the average cle sizes 
arc larger than 0.5 micrometers. 

3. The rates have to be fast, i.. e. , 
more than l5°C per minute. Insi effects 
of minor cunow1ts of ackli tivc were fmmcl for the 
Alz03-Vz03 system and for the NaCl-KCl system 
because of lmv mutual sol ub1l or because of 
high clcnsification rates of the pure NC~Cl powder. 
Significant effects ,,,ere observed in the CaO-CoC 
and in the -~lgF2 systems at high heating rCltcs. 
The CaO-CoO system proved to be unsuitable since 
water contmnination of the CaO system cannot be 
completely eliminated, thereby compl the 
effects of the additive. Our investigations have, 
therefore, centered on the ccllcicun fluoricle
magncsiun fluoride system. 

The results show that below 900 °C, i. c. , ~ 80°C 
below the eutectic temperature, the presence of 
magnesiun fluoride decreases the rate of coarsening 
and growth of the ceramjc powder compact. 



From about 50° below the eutecti"c temperature and 
up, the presence of magnesitun fluori.cle increases 
the clensification rate although substantial n 
growth docs not yet occur. Above the 
temperature tun f1 uoricle containing calcium 
fl uoricle strang 1 y enhanced grain growth 
and increased densification rates compared to the 
pure calcium fluoride. The microstructures of the 
magnes itun fluoride and pure calchun Cluoride arc 

i.n 1. 

The results also show that the difference in 
clensification rates between eutectic ackliti ve and 

ccrmnic powders increases \vi th increasing 
rates. The reason for this phenomenon, 

as \1'Cl as the increased clensification rates at 
sub-eutectic temperatures, is still unclear. It 
was also found that the ceramic systems 1vere ex
tremely defonnable while the liquid phase was 
active. This should be of importance to ceramic 
teclmology concerned with forming by hot 
the high ductility pennits high hot forming rates. 

RESEARO-l PLAJ'~S FOR CALENDAE 'lEAR 1980 

Gas/Solid Reactions. In our previous study, it 
appeared that the gas/solid reaction at the inter-
face between the porous metal scale and 
the oxide contributed importantly to the control 
of the gaseous reduction This interface 
will be studied in more the thellllo-
gravimetric measurements of reaction rates as a 
function of time, temperature, and pressure in 

(a) 

(b) 
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the temperature interval where the CoFez04 is fol-
lowing the kinetic of Eq. (l) in 
article l. Microstructural characterization with 
scanning electron microscopy and transmission 
electron microscopy will be carried out, and the 
microstructural observations will be related to 
the interface reaction model. Segregation of 
cobalt and iron to the reaction interface will 
be studied by STEM on quenched, partially reduced 
scunples. This infomation should be helpful in 
clarifying the relation between the thermodynamics 
and the kinetics of the interface reaction. At 
temperatures below 500°C it was noted that strong 
preferential grain boundary reaction occurs. The 
nature of this preferential attack will be studied. 

Transient Liquid Phase Sintering. Experiments 
will be conducted on transient liquid phase sinter
ing in the CaFz-MgF2 system. In particular, 
efforts will be devoted to clarifying the nature 
of pre-eutectic densification phenomena, and to 
study the role of the transient liquid inter
granular phases in densification and grain growth. 
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Reactions: Hydrogen Reduction of Cobalt Ferri tes 
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(c) 

(d) 

Fig. l. Comparison of microstructures between 
pure CaFz and CaFz + 10 wt.% MgFz. The eutectic 
temperature is 980°C. (A) Pure CaFz heated to 
900°C at l5°C/min; (B) CaFz + 10 wt.% MgFz, same 
conditions; (C) Pure CaFz heated to 1000°C at 
l5°C/min; (D) CaFz + 10 wt.%, same conditions. 

(XBB 790-14711) 
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e. Structure and Electrical Properties of 

Robert H. Bragg, Investigator 

Materials* 

Introduction. The objective of our research on 
carbon Ji!~iterTitls is to delineate the relationship 
between the structure of hard carbon materials and 
their physical properties. These materials are 
said to be hard because are d:i fflcult to 

, i.e., do not appreciably and 
remain unordered or turbostratic even 
to temperatures above 2000°(. 
so-called because it is a black 
1vhich fractures concho:i.dally, is 
mater[al because it is obtainable in a chemically 
pure, mono lith:i c form, and is thus convenient for 
a 1vide range of measurements of physical properties. 

diffracti_on and electron microscopy and dif
fraction studies have shmm that GC consists of 
ribbons or laths of l;tyers about 40 to 
SO A wide and 5 to 10 thick, intert1dnccl 
somewhat like cooked macaroni or noodles so as to 
be impervious to gases, except l-Ie. \Yl1ereas the 
lath densities are those of turbostratic graphites, 
ca 2.26 g/cm3, the bulk densities of GC prepared at 
a 1000°( ma.'Cimum process temperature is about l. 5 
g/ cm3. carbon thus has a pore volume ap-
proaching 40%, and our small angle x-ra)r 
expcri.ments show that the pores of GC have sharp 
edges, i.e. , arc slit shaped and have a specific 
surface area of the order of 500 - 1000 cm2jcm3. 
Glassy carbon is mechanically very hard ~Vith com-
pressive as high as 414 ~!Pa (70, 000 psi). 

Our structural investigations have sho\\~1 that GC 
is very similar to soft carbons in its resonse to 
heat treatments above 2200°(, and to graphi-
tizc wi.th an activation energy of ± 30 kcal/ 
mole, close to the generally 260 kcal/mole. 
However, our value was derived from kinetic studies 
of x-ray line broadening and it is not clear if the 
observed changes are clue solely to crystallite 
grmvth, or possibly indicate a relief of local 
strain. Si.milarly our kinetic studies of internal 
specific sur face area deri vcd from small scat-
tcring measurements indicate that h'hereas pore 
vollunc, or rather the density, is a nonkinetic func
tion of I-ITT, the surface area decreases with an 
activation energy of 60 ± 10 kcal/mole close to the 
70 kcal/molc accepted for a-direction vacancy migra
tion in graphite. Both energies 1Vere derived from 
data for heat treatment temperatures, r-rrT, above 
2200°C and are about l5 9a lmv, possibly because 
of poorly characterized heat treatment times, Hrt. 
There seems to be a change in the mechanism at 
about 2200°C, and phase transformation is 
suspectccl. 

Our data of electrical properties vs measurement 
temperature have heretofore been li.mitecl to 10 K. 
Folloving a disastrous fire ,,,hich required rebuild
ing of many of our Deh·ar accessories, th.is in turn 
follmving extensive of joints Hith 
welds rather than , and repairs of our 5.0 
tes~a supcrconclucting magnet, 1ve have begw1 

X 
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to obtain electrical property data. In previous 
\vork we have sho1Y11 that the magnetoresistance, 
6p/p, can be e.:q1ressed in terms of a single param
eter, H/Tl/2, where II is the magnetic field 
strength, and T is temperature. Our main concern 
here is to see if /~p/ p saturates for sufficiently 
large l-I/Tl/2 and also to obtain accurate data of 
the Hall coefficient I)-I vs HIT and T. 

1. ELECTRICAL CONDUCTION AND HALL EFFECT IN GLASSY 
CARBON 

De 1m is F. Baker and Robert H. Bragg 

Based on an extensive series of measurements 
Saxenal has shown that the electrical conductivity 
of GC can be expressed as 

where T is temperature; o0 , A, and T0 are functions 
of heat treatment temperature, HTT; and the tenn in 
brackets decreases with increasing I-ITT, becoming 
zero for I-ITT>2200°C. The tem in exp(-CT-1/4) is 
tmaffectcd by I-ITT up to 2750°C. While a o versus 
exp ( -cr 1/ ~ behavior has been reported by other 
workers,2,j only in the present work have the first 
two tenns been investigated. The term in £nT/T0 is 
associated with lattice defects, and o0 correlates 
1vith La, the mean lath width, and hence has been 
attributed to boundary scattering of charge carriers. 

The magnetoresistance of our GC is negative for 
all I-ITT up to 27 50°C, and for I-ITT> 2200°C can be 
expressed in tenns of a single parameter, H/Tl/2, 
Fig. l. It can be shmvn that negative magnetorcsis
tance will occur when unpaired electron spins are 
present, and hence a correlation with paramagnetic 
susceptibility is implied. However, unpaired spins 
are also associated with lattice defects Nhich 
should anneal when the material is heat treated, 
but instead the slope of (6p/p)l/2 versus I-I/Tl/2 
increases as I-ITT increases. Furthermore (L\p/ p) 
does not appear to be time dependent, i.e., is a 
function only of I-ITT and not heat treatment time, 
HTt. Recently Bragg and Bose4 have found an 
explanation of this phenomenon in trying to ration
alize the surprising decrease in density which 
occurs when GC is heated above its tempera-
ture. As shcMn in article 2, the anisotropy 
in thennal mqJansion coefficients to thermal 
stresses exceeding the fracture stress in GC caus
ing an irreversible volume increase. This 1bcal 
bond rupture increases the density of unpaired 
spins, and since the GC pores are not accessible to 
gases except He these unpaired spins remain unsatur
ated. Thus one e:A-pects the slope of (6p/p)l/2 vs 
HjTl/ 2 to increase as !TfT increases above the 
ess temperature and this is shmm in . 2. 
ever, while this correlation is consistent with the 
arguments just advanced what is needed is a direct 
demonstration that negative /~p/p is associated with 
paramagnetism. 
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Fig. 1. Magnetoresistance in GC (taken from Ref. l). 
H. has been held constant at 5. 0 tesla (50 kG) . 

(XBL 765-6927A) 
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Fig. 2. parameter vs l!TT. The 
ordinate is the initial slope of graphs in Fig. l 
for different HTT. (XBL 793-5991) 

For conventional one or two band models of elec
trical conduction it is readily shollfn that 

(2) 

where pis the mobility. If p T-l/2 then 
apart from the ne~ative sign (!'1pjp) will be pro
portional to H(rl;2 at low fields, providing a 
natural explanation of the occurrence of Htrl/2 as 
a single valued The Hall mobility )JH 
can be obtained 

(3) 

and hence, by careful measurements of the tempera
ture dependence of Frl and o the temperature depend
ence of WJ! can be ascertained. llowevcr, it should 
be remembered that v11 may not cxh.ibit the same be
havior as v, the drift mobi 1 . Only a fe1v mcas
urcments of R[l in CC have been reported other than 
those of Saxena and Bragg.5,6 As shown in . 3, 
the reported observations arc in qualitative agree·· 
mont in that I<rr is not a strong function ofT, is 

for HTT<l200°C, reaches a minimum 
arow1d 1600°C, becomes positive as !ITT in· 

creases. i\lso, all 11'orkers report that RII 
linear ~Vi th H up to 2. 2 Tesla, and fact 

may extend to 15.0 Tesla. 
data have been obtained on only a few specimens, 
and measurements have usually been made 
at temperatures 1vel1 above 4. 2 K. 

The exp ( -cr-1/ 4) term in the for o 
has been identified with hopping conduction between 
Anderson localized states, and ~lott8 has classified 
GC as a Fenni glass. It has been sh01111 that for 
hopping conclucti.on the Ilall should be 
nearly independent of temperature, and the 
of R[-! depends on the geometric arrangement of 
microstructure. Also it sign depending 
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Fig. 3. llall Coefficient of Glassy Carbon as a 
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upon whether the local is sp2 or sp3, as 
well as 1vhcthcr the maj carriers arc electrons 
or ho1es.l0 One can thus that the ob-
served reversals in are most likelv associ-
ated with changes in the of states', since 
it has been sh01111 that as IITT increases the bonding 
in GC (typically a mixture of spZ and sp3) the pro
portion of sp2 character increases.ll 

A change in 
the temperature 

the sign of 1vith !ITT could 
of a phase transformation, as 

been discussed 
publishecl data, plus 
show that near the 
I-rlT at which the 

l\11i.ttaker and Tooper .12 The 
our recent results, Fig. 3, 

reversal around 2000°C:, the 
phase transfonna

tion is 
' 

in Iqr arc 
It happens that R!J in is a strong fw1ction 

11·i th increase in grain of ,13 increases 
\Vi th 

Un forttma tel v there are fe1v similarities between 
Rrr in graphite imd RJr in GC. l\~1a t is needed is 
more data of RJI vs HTT and T. The present results 
indicate that HI-! is not a strong function of T for 
T belmv 300 K, but can be measured 11'i th sufhcient 
precision to examine the dependence on T and HTT. 
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2. EFFECT m: HYDROSTATIC PRESSURE A"TI CRINDING ON 
THE DENSITY A\11! PORE STRUCTURE OF GLASSY CARBONI· 

Dennis F. Baker, A. S. Rao, and Robert I-!. 

It is well knmm that the clens.ity of CC decreases 
when the material is heated ::tbove its maximtun proc
ess temperature, typically 1000°C. The density 
change is very large, going from about 1.5 g/cm3 
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for 1000°C I!TT to about 1. 3 g/cm3 for 2700°C I-ITT. 
Fischbach and Rorabaughl studied the effects of 
heating and cooling rates on the density of GC:. 
They concluded that about 10% of the density de
crease could be attributed to a loss of 
about 90% 11as said to result from volume expansion 
resulting from the internal pressure by 
the continued evolution of volatile pyro prod 
cuts within the closed pores. Bose2 has shmm that 
once a maximum HTr is reached, prolonged isothermal 
heat treatment does not produce further density 
decreases and suggested that the clensi ty decrease 
is caused by an irreversible opening of cracks re
sulting from strains due to the mismatch of therma1 
mq)ansion coefficients. Bragg3 analyzed the clensi ty 
vs !ITT data and fow1d that they imply a thermal ex

coefficient of 22.9 x lo-6;oc, close to the 
thermal mismatch (o:c;-aa) of 25.0 x lo-6;oc: 
for Bragg and Bose4 subsequently refined 
the calculation of the implied strain as shmm in 

. l, and showed that this would produce thermal 
stresses of the order of 53 x 104 ~lPa (7.69 x 106 
psi) comparable to the failure stress of graphite 
in the presence of "Griffith flaws" of size ca. 
1. 0 run. This implied flow size is consistent with 
the scale of the microstructure seen in lattice 
image photographs of GC. 

In the e.xveriments of Fischback and Rorabaugh, 
densities were obtained from measurements of buoy
ancy. In the \1'ork reported here several e.x1)eriments 
bearing on the density and pore structure of GC: were 
perfonnecl. In one set both the weight and sample 
dimensions, 6. 0 gm and 5. 0 em x 2. 5 em x 
0 . 3 2 em, were measured to an accuracy 
of 0.0001 gm and 0.001 em respectively before and 

(f) 
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o Calculated using (OCc-0(0 )LlT 
o Bose and Bragg 
b. Fischbach and Rorabaugh 

3000 
Heat Treatment Temperature, 

. l. I rrcvers iblc clila tion caused by the nnal 
expansion mismatch. Calculated from density vs 
I-ffT. (XBL 793-5989) 
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Table l. Mass and volwne changes in heat treated GC. 

Ileat Treatment 
Temperature (°C) 

1000 - 1 

2700 - l 

Perccnt;c;_ge 
Weight Loss 

1. 02 

1. 29 

after heat treatment. In Table 1 the directly meas
ured mass and dimensional changes are shown. It 
can be seen that some mass loss occurs even 1vhen 
material previously heated at 1000°( is reheated at 
this temperature, and there is some volume expansion 
as \vell. However, the additional weight loss upon 
heating to 2700°C is negligible 1vhereas the volume 
expansion is about 11%. 

In another series of experiments clone by Baker 
and BraggS samples of GC were compared before and 
after grinding in a vibrating ball mill. The ini
tial objective was to determine if the intertwinned 
"laths" in GC could be flattened. If this happens 
the wide range diffraction patterns will have nar
rower x-ray line profiles. The material chosen was 
GC given a l000°C heat treatment and samples were 
ground or using 1,1,1-trichlorethane as a grind-
ing ald. Laretul measurements showed that gri.nding 
produced a slight sharpening of the line profiles. 
However, the most convincing evidence of structural 
change was obtained from small angle x-ray scatter
ing measurements. As shoM1 in Fig. 2 grinding 
caused an increase in the radius of gyration from 
about 8 to 8. 5 A. In Fig. 3 it can be seen that 
grinding wet or dry changes the pore structure as 
well as the specific surface area S/V. The samples 
were further analyzed for density, particle size 
using scanning electron microscopy, and specific 
surface area using both the BET single point method 
and calculations using the small angle x-ray scat
tering data. The results, Table 2, show that 
ing closes off some surface while at the same tilne 
opening some pores to heliwn, but the internal sur-
face area remai.ns inaccessible to molecules. 
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data. 
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6 GC ground wet 

v GCgrounddry 

Guinier plots of small angle scattering 
(XBL 793-5874) 
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Fig. 3. Pored plots of small angle scattering data. 
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In a third series of experiments GC was subjected 
to an external hydrostatic compression instead of 
grinding. Samples heated in the range 1000 to 
2700°( for one hour were placed in a pressure ves-
sel 20 ~Vt% turbine oil as working fluid and 
pressurized up to 1331 MPa (225,000 psi) for periods 
of 5 minutes, after preliminary tests showed that 
the density \vas not altered by prolonged compres
sion. The pre- and post-compression densities were 
measured in kerosene and water to an accuracy of 
±:0. 001 g/cm3. The results, shmvn in Figs. 4 and 5, 
indicate that very large mechanical stresses pro
duce only small defonnations in GC. Although one 
cannot extrapolate from these data to the properties 
of GC in tension, it seems unlikely that expansion 
of pyrolysis gases can be the cause of the observed 
density decreases. It seems most plausible that the 
density decreases are caused by the thermal stress 
mechanism. 

* * * 
tBrief version of LBL-10224. 
1. D. B. Fischbaugh and M. E. Rorabaugh, 13th 
Biennial Carbon Conference, Irvine; July 1977 
(Post Deadline Paper). 
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Table 2. Characterization of as received and ground CC. 
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Fig. 4. Effect of hydrostatic pressure on the clen
si ty of GC. (XBL 7912 -14580) 

2. S. Bose, Pore Structure and Growth Kinetics in 
Carbonlllaterials, Ph.D. thesis, LBL-7638, (1978). 

3. R. H. Bragg, "Density Decrease and 0lrozmvsk:i 
Cracks in Glassy Carbon, 11 ~ItvmD Annual Report 197 8, 
LBL-8580, pg. 121. 
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4. R. H. and S. Bose, Thermally Induced Den-
sity Changes Glassy Carbon, 14th Biennial Carbon 
Conference, University Park, PA, June 1979, 
p. 189-190. 
5. ll. F. Baker and R. H. Bragg, Void Collapse in 

Carbon, 14th Biennial Carbon Conference, 
University Park, Pi\, June 1979. 



3. COFzRECTION FOR COHPTON SCATTERING IN GLi\SSY 
CARBON DIFFRI\CTTON PATTERl\JSt 

Leo G. and Robert H. Bragg 
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In previous work we have used wide range x-ray 
diffraction or small angle x-ray scattering (SAXS) 
to characterize the structure of GC. In the latter, 
the SAXS was measured in transmission and used to 
calculate the specific surface area, S/V of samples. 
Since our measurements showed that at a given tem
perature the sample volume V is independent of time, 
the observed changes in S/V with HTI and !-ITt could 
be used to characterize surface area changes.l The 
relevant equation takes the fonn 

S/V 

or 

S/V 

4c(l-c) lim[h3J(h)] 
co 

K(l-c) 

r hJ(h)dh 

lim[h4I(h)] 

\ h
2
I(h)dh 

0 

depending upon whether the experimental situation 
employs slit or point collimation. Here, c = frac
tion of sample occupied by matte,-, h = 47rsill8/!c; 
J(h) = intensity for slit collimation; and I(h) = 
intensity for point collimation. There has been 
some uncertainty concerning which approximation is 
applicable to GC, because instances have been re
ported 1vherein the intensity was said to decrease 
as h-n, where n might range from 2 to 3. Recent 
careful measurements have shov.rn that these reports 
are in error. For the full range of heat treatment 
temperatures employed in this work, 1000 to 2800°C, 
the SA,'\S extends to such large values of h that our 
experimental situation always approximates point 
collimation, for 1vhich n = 4. 

This result simplifies the correction of our 
wide range diffraction patterns for SAXS enormously. 
The corrections for Lorentz-Polarization, atomic 
scattering factor variations, and distortion due to 
low specimen2 absorption are easily made. It ap
pears that the procedures for correcting for Compton 
scattering that we have used heretofore are adequate 
for obtaining a fully corrected 002 line profile in 
GC as shm,rn in Fig. 1. However, we need to deter
mine if tho observed narrowing of the widths of 
x-ray line profiles induced by heat treatment are 
due to "crystallite" growth or stress relief. To 
do this, it is necessary that at least two orders 
of 009" and hkO reflections be measured in order to 
separate size and strain components. Since the GC 
reflections are \veak and very diffuse, exact cor
rections for the large contribution of the Compton 
component to the total intensity in the regions 
where the (10) and (11) bands and the (004) reflec
tions occur are mandatory. 

In previous work we have assumed that in pyroly
tic graphite, PG, the material is of high purity, 
and sufficiently close to a single crystal that far 
from a reciprocal lattice point the observed x-ray 
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Fig. 1. Effect of corrections on the 002 line pro
file of glassy carbon. (XBL 793-5970) 

intensity is due mainly to Compton scattering. 
Thus if the linear absorption coefficient is ~ and 
the material is the thick, the intensity will be 
totally caused by Compton radiation, and propor
tional to 1/~2. Thus a separate measurement of 
background intensity and ~ on PG can be used to 
determine the background level, i.e., the contri
bution of Compton scattering to the total intensity 
for a GC sample having the same ~. A paper on this 
method submitted to Carbon has been returned with 
the (valid) criticism this procedure of deter
mining the Compton intensity level should be justi
fied by comparison with an accepted method. We 
have decided to utilize a method which is based on 
the difference of the intensity of a diffracted 
beam when a filter is placed in the incident beam 
or in the diffracted beam. Our preliminary esti
mates of the Compton component obtained in this 
way differ from that obtained using PG by an oraer 
of magnitude. It is felt that the result obtained 
from PG is more nearly correct, and the low esti
mate obtained from the differences in absorption 
are caused by poor monochromatization. We have 
decided to use balanced filters to obtain better 
monochromatization and have just initiated this 
work. 

* * * 
tBrief version of LBL-10225. 
1. S. Bose, Pore Structure and Growth Kinetics in 
Carbon Materials, Ph.D. thesis, April 1978, 
LBL-7638. 
2. R. H. Bragg and C. M. Packer, Rev. Sci. Instrum. 
34, 1202 (1963). 

4. SHORT TERtv! HEAT TREATMENT OF GLASSY CARBON 
SA!v!PLES 

B. N. Mehrotra and R. H. Bragg 

As mentioned previously, it is felt that inacur
rate specification of time at heat treatment tem
perature, I-lTt, is the major contributor to the 
slightly low activation energies obtained in our 



studies of graphitization and S/V kinetics. Here
tofore, in making a run samples 1vere inserted in 
the furnace following which it was purged, back
filled with argon, and heated. In a typical nm, 
several hours would elapse before the desired I-ITT 
was reached. After the desired Ifl"t, the power 
was switched off, and the sample would be furnace
cooled until it could be removed from the furnace. 
It is obvious that, for time less than several 
hours, the effective !-ITt is difficult to specify 
but in general would be underestimated. As repor
ted in the 1978 Annual Report it was decided to 
modify our ASTRO Furnace, Model 1000 - 2560 to 
permit a rapid insertion and rapid removal of 
samples from the hot zone. Because its design and 
operation are not standard in high-temperature heat 
treatment, it seems worthwhile to provide a few 
details here. 

The furnace has the following features: (l) it 
can operate up to 3000°C in inert or reducing atmos
pheres (we use extra pure helium) , (2) the heating 
and cooling is very fast, requiring less than one 
hour to and from room temperature to 3000°C, and 
(3) the power needed for the furnace is 20 kVA. 
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The unique feature of the furnace is a graphite 
turnstile with radial slots to acconunodate 10 sam
ples of maximum size 2 in x 1 in x 0.1 in. This 
work cLarge is nonnally held outside the hot zone; 
and, when desired, quickly pushed into the hot zone. 
Thereafter any sample can be dropped individually 
out of the hot zone by rotating the turnstile to a 
slot over a bottom hearth assembly, falling into a 
lower chamber attached to the bottom of the furnace. 
Samples fall onto a graphite felt pad and if desired 
may be cooled very rapidly by admitting an inert 
gas. A removable cover is provided for taking out 
samples after the furnace is cooled. Furnace tem
perature is measured with a disappearing optical 
pyrometer calibrated for temperatures to 2800°C. 
A Rayotube pyrometer, which works on the blackening 
disk principle, is used to record temperature on an 
A2A.R x-y recorder. The indicator pen works in con
junction with a set-point on the x-y recorder to 
control the power input to the furnace, so that 
temperatures are controlled to ±20°C. The furnace 
has an interlock shut-off provision, in case of 
loss of cooling water. 

Figure 1 shows operational characteristics for 
heat treatments at 1600°C. With the turnstile in 
the hot zone prior to power on curve (1) is obtained. 
With the turnstile initially outside the hot zone, 
curve (2) is obtained. Not surprisingly, the hot 
zone heats faster. The sharp clip in curve (2) is 
caused by the insertion of the turnstile into the 
hot zone. Figure 2 shows similar data for heat 
treatments at 2500°C. It can be seen that the time 
required to reach the desired !ITT is about 7 minutes 
compared to nearly 2 hours in the nonnal mode. 

It is felt that with the drop quench mechanism 
the uncertainties in our specification of !-ITt are 
minimized and far better kinetic data will be ob
tained than in our previous work. 
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RESEi\RCH PL\J\JS FOR CALENDAR YEI\R 1980 

Our research capability is far better at year 
end 1979 than a year ago. After many misfortunes, 
including a Ere which damaged many of the acces
sories to our Dewar (1vhich had already been out of 
operation several months clue to a relocation in 
Bldg. 62), the low temperature electrical property 
facility is finally back in and electri-
cal property data clo1,n to at 3. 0 K can be 
achieved. In addition, the drop quench mechanism 
for rapid insertion of samples in our J\STRO heat 
treatment furnace has been checked (see article 4), 
and it is now possible to do kinetic nms for which 
the w1certaintios in HTt are reduced to a fe1v min
utcs. The group 1vas joined in January 1979 by 
Bhola ~lehrotra, and shortly thereafter by Dr. A. S. 
Rao, a Postdoctoral Fellow. During the slmuner 
1979, an intc:msive training session in x-ray dif-
fraction and small angle scattering theory 
and practice was conducted. plan to do the 
follmving in 1980: 

Electrical Properties. Dennis Baker will con
centrate on measurements of RH and 0, with a fe1v 
kinetic runs to verify our suspicion that (l'lp/p) is 
independent of HTt. The primary objective of the 
measurements of 0 is to determine if B and C in 
Eq. (1) of article l are truly independent of HTT 
and !-ITt, what is their physical significance and 
what is the significance of the .Q,nT/T0 term. Wi.th 
the new low temperature capability it should be 
possible to decide whether or not l'lp/p satUrates. 
Still to be obtained is a direct correlation of 
l'lp/p with paramagnetic susceptibility, and Dr. A. 
S. Rao will investigate this problem. The measure
ment of RH and a will be combined to obtain Jli-J 
and thus affor

7
d a test of the hypothesis that JJH 

varies as r 1 L. 

Graphitization. Dr. A. S. Rao and B. Mehrotra 
wilT complete the series of heat treatments begun 
towards the end of summer 1979. It is intended 
that these samples be used in a re-cletennination of 
L\1.! for graphitization (L. G. Henry), a re-cletennina
tion of ill-! for point defect annea1ing (ne1v student), 
as well as completing the measurements of electrical 

for the thesis of D. Baker. Following 
completion of the heat treatments, B. lvlehrotra will 
begin to learn the techniques of measurements of 
electrical properties at cryogenic temperatures. 
Of primary importance will be the search for evi
dence of a phase transfonmtion at about 2200°C, 
but techniques to measure electrical properties of 
intercalation compounds will be evaluated. 

Point Defect Atmealing. In addition to the GC 
samj)ICs, samples of pyrolytic graphite, PC, will be 
heat treated and kinetic studies of SiUS of these 
oriented materials 1Vill be made to verify that the 
activation energy obtained in the analysis of S/V 
in GC does in fact to vacancy migration in 
the a-direction in graphitic layers. This work 
will probably be to a new student, but may 
fall to L. G. llenry. the SAXS from PG is 
weak it will require use of the Oak National 
Laboratory, the national facility for small angle 
x-ray A Ferris wheel type holder for 
multiple specimen runs without breaking the system 
vacmun in the ORJ\JL 10 -meter has already 
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been built. Here our major problem is lack of 1vell 
characterized specimens of PG. 

Crap hi te Inter::ala tion Compolmcls. Shortly after 
joinmg tne group Dr. Rao was assigned to review 
the literature and reconunencl sui table binary, or 
more accurately psuedo-binary systems for study. 
The working hypothesis is that such systems can be 

as two-dimensional binary solid solutions. 
Intercalation compounds containing AlCl3 and FeCl3 
were selected as end members because, while diffi
cult to prepare, they arc said to be stable in room 
ambients. Our e.:qJerience thus far has been that 
the preparation is difficult (sometimes explosive), 
owing perhaps to our use of conunercial PG instead 
of the widely-used Union Carbide HOPG. Because of 
its 1ve are attempting to replace I-IOPG ~Vi th 
heat PG. Dr. Eao 1vill accelerate this 
effort in preparation and continue his work to 
develop a magnetic susceptibility measurement 
capability. 

Coal Characterization. The x-ray patterns of 
coals arc str1kmgly s1milar to those of GC, with 
the adcli tion of small ammmts of a well-crystallized 
phase and a glass-like phase. Some SAXS is evident 
and the background obtained with Cul<a. radiation is 
high probably clue to the presence of iron. As in 
GC, heat treatment induces some crystallinity. It 
seems highly relevant to ascertain if our x-ray 
teclmiques of characterizing GC are applicable to 
coals. Dr. 0. 0. AdeHoye, Department of Physics, 
University of Ife, Nigeria, vho spent several months 
in our x-ray laboratory during the sununer, is ex
pected to join us in the fall 1980 for a sabbatical 
year and vill work on this problem. 

1979 PUBLICATIONS Al'iD LBL REPORTS 

Other Publications 

l. D. Baker and R. I!. Bragg, "Void Collapse in 
Ground Glassy Carbon," in Proceedings of the 14th 
Bie1mial Carbon Conference, University Park, PA., 
June El79, pp. 127-8. 

2. L. G. Henry and R. I-!. Bragg, "Anomalous Large 
Layer Spacings in Glassy Carbon," in Proceedings 
of the 14th Biennial Carbon Conference, University 
Park, PA., June 1979, pp. 129-30. 

3. R. I-I. and S. Bose, "Thermally Induced 
Density Changes in Glassy Carbon," in Proceedings 
of the 14th Biennial Carbon Conference, University 
Park, PA., June 1979, pp. 189-90. 

l. D. Baker, A. S. Rao, and R. II. Bragg, "Effect 
of Thermal and Mechanical Stress on the Density of 
Glassy Carbon," LBL-10224, December 1979. 
2. S. Bose, L. G. Henry and R. H. Bragg, "Correc
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LBL-10225, December 1979. 
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f. High Temperature Oxidation and Corrosion of Materials* 

David P. Whittle, Investigator 

Introduction. The objective of this program is 
to gain an understanding of the corrosion chemistry 
and materials behavior in high temperature environ
ments. Of particular interest arc the mechanisms 
of attack in environments containing more than one 
reactive species, for sulfur and OA/gen. 
Sulfur is a critical in almost all energy 
sources and leads to accelerated, and often unac
ceptable rates of metal degradation. In addition, 
the competitive formation of potentially more than 
one phase as a reaction product is an important 
fundamental problem, and can only be truly w1cler
stood if the underlying thermodynamic and transport 
properties of the systems, and their interrelation, 
arc identified. Sulfur can appear in a mnnbcr of 
fonns. In gaseous environments it can 
appear as HzS when the oxidizing potential of the 
atmosphere is low, such as might exist in energy 
conversion systems, or as SOz/S03 at higher oxygen 
potentials, such as those produced fuel combus-
tion. It may also appear in deposits, 
either as a solid, such as CaS04 in fluidized bed 
combustion systems, as inorganic and organic sulfur 
compounds in coal char, or as a liquid alkali-metal 
sulfate in coal-ash, or turbine-blade deposits. 
This last year has been spent primarily in estab
lishing the typical behavioral patterns of common 
materials in these types of environments, and iden
tifying the conunon mechanisms. In addition, devel
opment of dcfini ti ve models of alloy reactions with 
single oxidants has continued. The individual 
projects arc described below. 

1. EQUILIBRIA IN Gi\SEOUS SYSTEMS 

D. P. Whittle, I. M. Allam, and H. Hindam 

Correct interpretation of the behavior of metals 
and alloys in multicomponent gas mixtures at high 
temperature requires that the cquilibriwn conditions 
in the gas phase be ]mown. In addition, it is also 
i1nportant to establish how the composition of the 
gas mixture, asstm1ing it is at cquilibriwn, and in 
particular how the activities of the oxygen and sul
fur reactants will change when one of the components 
is removed from the gas by reaction 1vi th the metal. 
This may not be critical in flowing, well-mixed sys
tcms, but where stag11ant pockets of gas can exist, 
such as beneath inert deposits, in crevices, or 
within porous scales, it can have serious conse
quences. 

In the S-0-I-I system, there arc at least 14 possi-
ble gaseous species: liz, , Sz, S4, Sg llzO, SOz, 
S03, SO, 0, I-I, S, OI-l, etc. , in tempera-
ture, pressure and overall gas composition ranges 
of interest in the present context, sulfur 
higher than the dimer, atomic oxygen, hydrogen and 
sulfur, and free radicals such as OI-l can be nc-

work was supported by the Division of 
Materials Sciences, Office of Basic Energy 
Sciences, U. S. Department of Energy. 

glcctccl. The equilibrhun composltwn of any gas 
mixture is calculated through the cquilibritun con
stant approach. In essence two types of equations 
are involved: Mass balance equations Hhich ensure 
that the total content of the three atomic species 
are conserved, and the equilibria. A 
computer program has been written to solve the sys
tem of eight, nonlinear simultaneous equations for 
any given input composition. Solutions have been 
obtained at temperatures in the range 600-1200°C 
intervals, for a total system pressure of 1 atm. 
and for input compositions covering the whole range 
of oxygen and hydrogen contents and up to a sulfur 
level cqui valent to 10% I-I 2s or SOz. Table 1 shows 
a sample output. Figure 1 shows the Ps7 in the 
equilibrated gas as a function of Po2 at 1000°C for 
four different sulfur levels and a nwnber of differ
ent oxygen levels. 

As a whole, the S-0-H system can be divided into 
three sectors depending on the relative amounts of 
oxygen, sulfur and hydrogen in the gas mixture, 
best e)qJrcssecl as No, Ns and where Ni is the 
fraction of total atoms of species i. At low oxy
gen contents, Ns +No~ 1/3, I-IzS-HzO+lz are the 
major molecular species: the sulfur and oxygen 
potentials are relatively independent with the sul 
fur potential decreasing slightly ,,lj_ th decreasing 
OA/gen potential at a fixed sulfur content. At 
intcrmedi.ate oxygen and sulfur contents, Ns + No ~ 
1/3, Ns ~ 1/3 and No - Ns ~ 1/3, HzO-HzS-SOz arc 
the major molecular species, and within this region 
sulfur and oxygen potentials are strongly interre
lated, being inversely proportional to one another. 
In the third sector, No - Ns ~ 1/3, Oz-SOz -HzO are 
the major species; sulfur potentials arc very low, 
and again are independent of oxygen potential. 

These interdependencies between the sulfur and 
oxygen potentials have a consi.clcrablc influence on 
likely corrosion behavior. The regime in which 
sulfur and oxygen potentials are strongly interde
pendent represents a very small in overall 
composition, corresponding to almost exact, stoi
chiometric combustion of a fuel for example, and 
most practical combustion environments would be 
more oxygen-rich. It is nevertheless important 
since regions of stagnant gas within porous depos
its or crevices, for example, could approach these 
concli tions by reacting with oxygen to form oxides. 
In this context, the buffering capacity of the gas, 
or its to resist a change in sulfur paten-
tial caused by removal of oxygen in reaction is 
critical. These buffering capacities can be calcu
latccl from the equilibrated compositions computed 
above, and are equally important in determining 
corrosion behavior as the often quoted sulfur and 
oxygen potentials. 

An additional feature evident from the calcula
tions is the relative position of the maximwn in 
sulfur potential as a function of oxygen potential 
with respect to the stabilities of the sulfides and 
oxides of the conunon alloying elements, Ni, Co, Cr, 
Fe, Al, etc. With the Ni -S-O system the maximwn 
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Table 1. Equilibrated compos1t10ns in the S-0-H system; input composition: HzS 
SOz ~ 1.0%, Ns = 0.033, N

11 
~ 0.66, and No= 0.307. 

8.9%, HzO 90.1%, 

T F'~ P (C) 
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6'i0. 
7 :)1). 
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. l. Sulfur potential as a fwKtion of oxygen 
bratecl gas mixtures in the S-0-H system. 
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lies close to the co-existence line tor NiS and NlU, 
a consequence this interdependency between 
and m.;gen potentials ts much more critical 

it is unlikely that locaLi.zed fluctuations in gas 
composition can ever shift the gas into a purely 
sulfide forming regime, although sulfides may form 
via other mechanisms. for materials. In other systems the maxi 

mwn sulfur/oxygen potential curve lies to 
the of the sulfide/oxide line and 



2. CORROSION ~[;CHANISMS IN CO~IPLEX ENVIRO~[~NTS OF 
LOW OXIDIZING POTENTIAL 

I. ~1. Allam and D. P. Whittle 

Pure Fe. Competitive fonnation of oxides and 
sult:i:CICs1n envuonments that can sustain the for-
mation of either or both has been studied in 
an attempt to establish the critical parameters 
which control the overall corrosion process. Pure 
iron samples were mqJosecl to !IzO-I-lz -I-lzS mixtures of 
various compositions introduced into the test 
through metered floNs. A constant sulfur fugacity, 
8.4 x lo-6 atm, \vas used for most of the 
ments \vhilc the 
range in \\'hich 
phase. 

Figure 1 shows a stabllity diagram for the Fe-S-0 
system >nth the gaseous environments included. At a 
POz ~ 3. 2 X ro-12 atm (point A)' which is inside the 
Fe304 stability region, no sulfidation occurs and 
the growth rate of the FeO is independent of the 
presence of sulfur in the environment. The reaction 
path lies totally within the oxide region and this 
is related to the low solubility of sulfur in the 
Fe 304 phase fo:mJed surface. When the P02 
is reduced, 3.3 x 10- atm (point B), FeO is now 
in contact wlth the gas. It is possible that this 

has a higher solubility for sulfur than does 
magnetite and that sulfur can transport through the 
oxide giving rise to sulfide fo:mJation throughout 
the oxide layer and beneath it as shown in the 
scale cross-section in Fig. 2. However, a more con
sistent explanation relates to the location of the 
sulfide phase in the oxide scale: the sulfide is 
the lighter-colored phase appearing as globules with
in pores in the FeO and as continuous films, along 
the colunmar boundaries of FeO. These bound-
aries, where are in contact with the gas, rep-
resent deep cavities in which stagnant pockets of 
gas can collect. Further fonnation of oxide at 
these locations reduces the oxygen potential (or HzO 
content) to the point where sulfide is the stable 
phase. Inclusion of the reactive gas in closing 
pores has the same effect. This continuous film of 
sulfide provides a path through which the sulfur lS 
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transported cloMl through the oxi.cle scale. The sul 
fide is liquid at this temperature. Indeed, at the 
base of the oxide scale the FeS interacts with both 
oxide and metal, fanning an lower melting 
point (925°C) liquid, which 
ination solidifies as a 
relationships in the Fe-0-S system arc more complex 
than implied in Fig. 1 and need to be determined. 

Changes in the oxide to sulfide ratio in the 
scale occur when the bujl~ HzO con~ent of ~he is 
lowered (POz ~ 1.0 x 10· atm, pol!lt C, F1g. and 
the gas mixture moves into a region where the sul
fide should be stable in contact with the gas. 
P<hxed sulfide and oxide protrusions grow out\''anl.s 
from the surface scale (Fig. 3) which is again con
sistent with a gaseous transport step being an 
important part of the overall grmvth process. 

This is further substantiated by other observa
tions. Variation in the volwne flow rate of the 
reactive gas mixture produces two effects: (i) 
there is a marked change in the scale growth rate, 
and (ii) there is a change in the relative amounts 

Fig. 2. 
sition B 
globules 
pores in 
collmmar 

• 
Cross section of scale formed at gas compo 
after 24 hr e:>qJosure. Note presence of 
of light-colored FeS phase associated with 
oxide scale, and as continuous films at 
grain botmdaries. (A~B 802-2445) 



Fig. 3. Cross section of scale formed at gas compo
sition C after 2 hr OA1JOsure. Note oxide/ sulfide 
protrusions on outer surface of scale above colunmar 

boundaries and layer of sulfide beneath oxide. 
(XBB 802- 2443) 

of sulfide and oxide formed. Increase in the flow 
rate from 200 cc/min, the condition producing the 
scale shmm in Fi£. 2. to 800 and 1200 cc/min pro
duced scale thicknesses in 2h exposure of 350 and 
810 pm respectively in comparison with 110 )Jffi at 
the lower flow rate. The amount of sulfide formed 
decreased also, and was virtua11y nonexistant at 
the highest flow rate. In contrast, decrease of 
the flow rate to 50 cc/min produced a scale consist
ing essentially of only the Liquid FeS- FeO phase, 
and virtua11y no FoO as a separate phase. This 
scale was only 10 pm after 2h, but this low figure 
may be somewhat misleading, since the Liquid scale 
tends to run off the surface. With further de
crease of the P02 (5.2 x lQ-14 atm, point D), FeO 
disappears as a separate phase in the scale, and 
only the Liquid is formed. At sti11 lower 
POz (3.2 x atm, point E), belmv the stabiLity 
Limit of FeO, the Liquid scale is only FeS. The 
compositions of the Liquid scales are not dependent 
on the gaseous flow rate: the liquid phase is not 
able to sustain crevices or pores at its growing 
surface. 

Cr203 Forming A11oys. Cr203 is considered to 
be among-the best protective barriers for oxidation 
resistance. It is thennodynamically very stable 

rig. 1), and grows slowly due to its low con
centration of native defects. 11~1ether it can remain 
as a protective barrier for Fe-base a11oys in the 
presence of sulfur in the gas phase needs to be 
estabhshed, and has been investigated by exposing 
binary Fe-Cr alloys to !-!2-H20-H2S mixtures as out
lined above. Genera11y, lower oxygen potentials 
1vere used, corresponding to conditions where Cr203 
and FeS can be in equilibritun with the gas: these 
are marked in . 1. 

The thickness of the Cr2o3 grmm at a P02 = 
1 x lo-s atm and PSz = 8.4 x lo-6 atm (point E) 
depends on the Cr content of the alloy, being 10, 
:'0, 25, and 30 )JJH in lOOh exposure on Fe-18, 25, 
40% Cr and pure Cr In addition, on 
pure Cr, small, of CrS form 
beneath the surface oxide, and to a lesser extent 
on fe-40% Cr and pure Cr, but not ,,,i th the more 
dilute alloys. Interestingly, the morphology of 
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the oxide changes from an apparently porous outer 
structure, to a very compact close to the 
metal interface. Calculations that the 
diffusion rate of chromium in tho alloy is suffici
ently large that the flttx of chromitun out of the 
alloy is not a rate- step, although a de-
pletion of Cr does exist in the alloy behind the 
growing CrzO:; scale. Instead, tho oxygen potential 
gradient, and in turn the defect gradient, is in
fluenced by the Cr concentration at the alloy sur-
fa~e~ more so than when Cr2o, in pur~ o2 con-
ta1n1ng environments whore tile gradtont 1s 
largely influenced by tho conditions at tho outer 
oxide/ gas interface. Tho decrease i.n the defect 
g'.'ad~Lent upon reducing the Cr content of the alloy, 
reduces the growth rate of tho oxide, but more 
importantly reduces the inward diffusion of sulfur. 
The diffusion path cuts through the sulfide region 
for pure Cr and alloys rich in Cr, but remains in 
the oxide phase field. This cannot be shovm on a 
two-dimensional stabiLity diagram, such as Fig. 1, 
and diagrams with alloy composition as a third axis 
are required. 

As the oxygen potential is reduced (point G in 
Fig. 1), the diffusion path cuts into the CrS 
region independently of the Cr content of the alloy, 
and CrS is fonned as a separate phase beneath the 
CrzQ) in all cases. Figure 4 shows a typical cross 
section. The overall constunption rate of Cr from 
the alloy is now somewhat higher and the Fe in the 
alloy cmmot back diffuse into the alloy at a fast 
enough rate and is included into the growing scale 
as tmoxidized metal, as indicated in the x-ray maps 
of Fig. 4. Note that tho Fe fonns neither a sul 
fide nor an oxide, and this is related quantita
tively to the position of the diffusion path on the 
Fe-Cr-S-0 stability diagram. Quantitative evalua
tion of the diffusion path is hindered by the lack 
of transport data in the Cr-rich sulfide and oxide 
phases. 

Another feature of the behavior of these alloys 
relates to the formation of liquid iron-rich sul
fides at some locations on tho samples. These can
not have formed via a diffusional process and are 
related to a loss of adl1esion of the 
ing the now Cr-denuded alloy to the 
As such, this breakclmv11 is more prevalent near 
ners of the samples and the iron sulfide-rich 
liquid spreads out over the surface surrow1eling 
Crz03 scale seemingly without further. 

When the oxygen potential is reduced to 3.3 x 
lo-IS atms (point H), CrS becomes the stable phase 
in equilibriwn with the gas, but the reaction 
cuts into the Cr20:; This reaction 1s 
independent of the Cr content in the alloy. The 
scale thickness however, increases from 250-300 )JJH 

for Fe-18Cr to -450JJJ~1 for Fe-40Cu and ~s50pm for 
pure Cr. Except for the case of pure Cr, a CrS sub
scale fonns within the alloy beneath the Crz03 that 
develops at the metal surface. The outer Cr scale 
contains substantial amounts of Fe, cli.ssol 1ocl in 
solid solution. 

Thus, the results shmv that two types of sulfur
induced degradation seem possible in these low oxy
gen potential atmospheres: the one is ro1atocl to 
transport of sulfur through the Cr2o3 scale and 
the other to a complete mechanical .loss of pro-
tective oxide. 



Fig. 4. Cross section of the scale formed at gas 
composition G after 190 hr exposure. Note Fe rich 
particle embedded in CrS protrusion belmv a Crz03 
scale. (XBB 802-2446) 

* 7: * 

3. HOT CORROSION OF NICKEL-BASE ALLOYS AT INTER
llil~DIATE TB!PERATURES-1-

A. K. lllisra and D. P. M1:ittle 

It is nmv reasonably well established that there 
are two quite distinct types of hot corrosion in·· 
volved in the degradation of turbine blading materi
als. Type I occurs at temperatures above 900°C and 
is caused by the deposition of molten NazS04 on the 
blades in air turbines. Type II occurs at somewhat 
lower temperatures, 700-850°C and is more 
in marine and industrial Type I is also 
caused !Jy sulfa tic deposits. These arc low melting 
point eutectics formed between the solid Na2S04 de
posit and NiS04 or CaS04, fonned by sulfation of 
NiO aml CoO, the corrosion products of 
alloys. Propagation of II corrosion, then, is 
dependent on a liquid being formed and the 
presence of sig11ificant, though small, concentra
tions of S03 in the gas phase. This project is 
aimed at identifying the factors controlling t}1Je 
II hot corrosion, and establishing mechanisms. 

Ni-base Crz03 - forming alloys seem to be the 
most resistant to attack when coated with NazS04 
in NazSO~ eutectic mixtures and exposed at 
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750°C to air conta1n1ng 1.5 x lQ-3 S03. Transport 
of the oxidant across the molten salt is a critical 
factor, and evidence points to O"-')'gen eli ffusivi ties 
being very low; so3 may, however, transport as a 
pyrosulfate, Sz07 = i.on, and it has been shmm that 
the continued propagati.on of the hot corrosion is 
via a sulficlation/ oxidation mechanism. Di.sso 1 ut ion 
or fluxing of Cr2o3 by the melt is not observed. 

Al-containing alloys are very heavily corroded 
by the salt films, even Ni-25Cr-2.5Al which is 
still a - forming alloy. 1 shows a 
section through a sample coated 2 mg/cm2 
NazS04 and oxidized in air + 1.5 x 10-3 S03 for lSh 
at 750°C. The scale has a pronotmcecl banded struc 
ture with alternate lavers of Cr· and Ni-rich 
phases. This is typical of a type of proc-
ess and it is clear that Alz03 dissolves in the 
NazS04 -NiS04 melt, probably as its sulfate. Ther
moclymunically, sulfation of Alz03 would not be ex-

at the_prevailing so3 partial pressure; how
ever, the act1v1ty of Alz(SOIJh 111 the melt 1s 
probably low, promoti.ng the reaction. The 
solution behavior of ternary sulfate mel.ts of this 
type are not kl10M1. 

. 1. Cross section of Ni-25Cr-2.5Al coated with 
2 mg/cm2 Na2so4 and oxidized in air + l. 5 x Jo-3 
S03 for 15 hr at 750°C. (XBB 7910-131881\) 

-j-Brief version of paper presented at Electrochcm. 
Soc. , Los , California, October 1979. 



4. COP.ROSION BY SOLID SULFATIC DEPOSITS' 

H. C. J\kuezue and D. P. lY11ittle 

Fluidized bed conhust ion, al thouoh not a ne11' 
concept, provides a novel process f6'r burning a 
wide range of fuels efficiently at combustion 
intensities, while keeping the emission of sulfur 
and nitrogen oxides well below any of the rigid 
standards currently being proposed or in force. 
Coal and suitably sized sorbent particles are in
troduced to the combustor where combustion of the 
coal occurs. The coal combusts at a relatively low 
temperature, in the range 750-950°C, which enables 
good sulfur retention by the sorbent in the bed; 
this temperature is also below the ash fusion point. 
Limestone or dolomite are the sorbents: 
they react with the SOz released during combustion 
to fonn calcium or magnesium sulfates. Originally 
it was anticipated that fireside corrosion problems 
of in-bed steam-raising tubes by the ash/coal/ 
calcium sulfate burden would be minimal; however, 
tests have shovm that a severe sulfidation/oxidation 
type attack can occur even though most of the agres
sive sulfur compoun,ls that could have accouilled fuc' 
the sulfidation have reacted with the acceptor. 
The generation of sulfur activities sufficiently 
high to sulhdize the alloys implies that the oxy
gen potential of the system, at least locally, is 
relatively low, since the two potentials are related 
through the CaO/CaS/CaS04 equilibria. This study, 
then, examines the behavior of typical Crz03 -
forming alloys in the presence of CaS04/CaO mixtures 
in atmospheres of controlled oxygen potential, in 
the range lo-19 -1 atm, using CO/COz mixtures. 

Cr 
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The corrosion rate at a constant temperature, 
850°C typical of operational temperatures, increased 
with increasing oxygen activity, and furthennore 
there was no sulhdation. This is contrary to the 
earlier expectation that the CaS04 - induced attack 
should depend only on the sulfur activity according 
to the Ca-0-S stability diagram. Interaction bet1veen 
the CaS04 and the oxides of iron which form on top 
of the Cr2o3 scale ll'as responsible for 
the accelerated attack. CaFe02 was formed, which had 
a cubic structure with lmit cell length of 4. 726 A 
and a composition of 72.6% CaO, 22.0% FeO and 4.9% 
FezO~. Direct observation of this interaction in 
the fiot stage SEJ\l indicated that the CaFeOz phase 

to melt at around 927°C. Indeed, tempera
ture was far more important than the oxygen poten
tial in inducing sulficlation attack. Figure 1 
shows a section through the scale formed on IN800 
(Fe- 32%Ni- 20. S%Cr-0. 35%Si -0.7 S!lb1- 0. 04%C-O. 3%Cu) 
exposed to CaS04 containing C at 950°C in a static 
air environment. Heavy internal sulficlation occurs 
with the precipitation of Cr-rich sulfides within 
the alloy, primarily at boundaries. This 
concentrates the chromitnn in the grain boundaries 
and prevents the establishment of a continuous 
Crz03 protective layer. Once sulfides have been 
introduced into the alloy they continue to penetrate 
further by being oxidized at the alloy/state inter
face, with the released sulfur diffusing further 
into the alloy. 

There appear to be two aspects of CaS04 - induced 
attack: (a) At low temperatures, below 950°C, a 
direct reaction between the oxide scales and CaS04 
that does not involve sulfidation. In iron-base 

5 

Nr Fe 

Fig. l. Scanning electron , x-ray maps and ED/\X analyses of the cross section of the 
scale formed on alloy IN800 exposed to Caso4 + C deposit for 100 hr at 950°C in static air. 

(XBB 790-15069) 



materials, the main scale contains 
porous CaFez04 spinel, and the outennost scale js 
a thin, sometimes loosely adhering complex calcium
iron sulfate. (b) A complex calcium-iron sulfate 
liquid phase attack that occurs at high temperature, 
above 950°C, and induces an oxidation/sulficlation 
attack that is catastrophic. 

-j-Brief version of LBL-10286. 

S. ADIIERENCE OF Alz03 OXIDE FILMSr 

H. C. A.kuezue, I. M. Allam, and D.P. \V11ittle 

Adhesion between surface scale and 
strate js essential for good oxidation 
Poor adhesion can lead either to exfoliation of ti1e 
oxide in response to thermal cycling, or to mechani
ca1ly applied stresses, resulting in enhanced oxi
dation rates. Marked improvements in scale/sub
strate adhesion, hmvever, can be achieved via the 
"rare-earth effect" whereby addition of a small 
mnow1t of a rare-earth element or of a fine distri
bution of a stable oxide produces a significant 
increase in an alloy's resistance to cyclic oxida
tion. Recent \vorkl has demonstrated that the major 
factor responsible for the improved scale adherence 
with Alz03 - fanning alloys is the formation of 
protrusions of oxide grm,'ing into the alloy. These 
act to key the protective scale to the surface and 
are more effective when a uniform distribution of 
sniall oxide pegs can be achieved at the alloy/scale 
interface. This is difficult to control with metal
lic additions since essentially the active element 
oxidizes internally during high temperature expo
sure, and these internally precipitated oxides fonn 
the nuclei around which the protective oxide forms 
the pegs. Clearly, the distribution of the inter
nal oxides, and hence the subsequent pegs, depends 
on the e::-..1Josure conditions and is thus not directly 
controllable. 

Several reports have indicated that marked im
provements in Alz03 scale adherence are also 
achieved by the presence of Pt in the alloy, and it 
seemed possible that the formation of the inter
metallic PtAl3 might be involved, and that this 
might exist as a fine dispersion in the alloy whicj1 
acted in the same way as an oxide dispersion. PtAl3 
is very stable, although its formation reduce 
the affective Al content of the matrix. However, 
Pt and !-If additions could be made together, and the 
jntermetallic HfPt3 used as the dispersoicl. This 
is even more stable, does not contain Al, and, if 
it did oxidize, would produce an I-IfOz - oxide dis
persion anyway. 

The principal studied \vas Co-10Cr-11Al 
(wt.%), which forms an external scale of a,-Alz03 
over the temperature range studied. Additions of 
l Pt, l Hf-3Pt or 0.3I-If-0.9Pt (all wt.%) were made 
to this base alloy. Oxidation experiments were of 
two types: (a) isothemal exposure, and (b) 
eel thermal cycles of 20hr cJurat ion each. The 
tailed mo11)hology of the alloy I scale interface was 
studied by stripping the scale and examining its 
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underside and, when possible, the exposed surface 
of the alloy. Scales were stripped either mechani -· 
cally by quenching in liquid nitrogen, or with par
ticularly adherent scales, the c;ubstratc \\·a,; 
dissolved mvay a 10% bromine in methanol 
solution. 

The alloy microstructures are very similar and 
consist principally of a clark, dendritic, B-CoAl 

in a lighter, ex-Co matrix. There is also a 
third, very dark precipitate identified by 
EPivlA as the Hf-Pt-rich intennetallic which appears 
to be confined to the u-Co matrix. 

Both Pt and Pt+Hf reduce the oxidation rate of 
the Co-lOCr-llAl alloy w1der isothermal conditions 
at ll00°C. Under cyclic oxidation conditions, Pt 
additions alone have little effect, but the 0. 3Hf + 
0.9Pt addition significantly improves the oxidation 
resistance. The alloy containing ll-lf + 3Pt shows 
a lower resistance. gain/time curves arc 
shmv11 in Pig. 1. 
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Fig. 1. Weight gain/time data for the cyclic oxida
tion of Co-lOCr-lli\1 alloys containing Pt and/or Ilf 
at l100°C. (XBL 798-2391) 

The Alz03 scale which formed on the alloy 
Co-lOCr-llAl-lPt after 265 h oxidation at l200°C 
was not adherent and spallecl from the alloy on 
cooling. Similar features were observed with the 
ternary Co-Cr-Al alloy of the same composition 
oxidized under similar conditions. 

Surface exmnination of the alloy Co-l0Cr-llAl-
0.3Hf-0.9Pt after oxidation at l200°C indicated 
that the scale was adherent to the sub
strate and spallecl during cooling only from very 
small discrete areas. The major difference between 
this alloy and an alloy that was Pt-free but con
taining !Ifl \vas that with the Pt-free alloy, the 
substrate surface appeared to be more heavily con
voluted. 



Figure 2 shows the underside of the Al 2o3 scale 
after the alloy substrate has been chssolved away. 
This is the Co-10Cr-llAl-1Hf-3Pt alloy, oxidized 
isothermally for 200hr at 1100°C. This 
distribution of oxide protrusions compares \vell 
with those obtained in previous studies .1 The 
protrusions do not penetrate so deeply and are not 
as tortuous in shanc as those formed in the case of 
a Co-l OCr -HAl- 0. 3Hf alJ_oy, but compare we 11 with 
those formed when this latter alloy had been given 
a pre-internal oxidation treatment prior to ex
posure. This regular distribution of oxide protru
sions is the most desirable in determining oxide/ 
scale adherence. EPJill\ indicates that the pegs 
consist primarily of Alz03, encapsulating the dis
persed phase. Presumably they grow by some form of 
short-circuit diffusion of oxygen along the inco
herent interface between the matrix and the dis 
persiod. As a consequence the composition of the 
dispersed phase is not cri t.ical. 

spacings between the Al203 pegs and 
phase in the alloy are 

quite similar for each alloy and typically are 
3-4 ym along the interface. The length of the peg 
protruding into the alloy is also important. Typi
cally these are in the range 5-10 !Jm with the alloy 
containing l!-lf-3Pt and slightly less than this for 
the 0.3!-If-0.9Pt alloy. Long protrusions tend to 
promote scale cracking above the pegs. 

Thus, the intermetallic dispersions of Hf and Pt 
formed in Co-lOCr-llAl alloys are comparable in 
size and distribution to the Hf02 dispersions pro
duced by pre-internally oxidizing Co-lOCr-llAl-Hf 
alloys and seem to provide an alternative way of 
producing a dispersed phase in these alloys. This 

Fig. 2. Underside morphology of the Alz03 fonned 
on Co·l0Cr·llJ\l-lHf-3Pt after isothennal oxidation 
of ll00°C for 200 hr: alloy substrate has been 
dis sol vecl away. (XBB 798-10392) 
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opens up the possibil.i ty of e1qJloring other dis
persian-containing metallic systems. The inwardly 
growing Alz03 pegs which develop on subsequent 
exposure to oxidizing environments seem equally 
effective in keying the Al203 surface scale to the 
substrate and thereby improvmg the oxidation re
sistance of this type of alloy under both isother
mal and particularly thennal cycling conditions. 

* * * 
-~"Brief version of LBL-9180; accepted for publication 
in Oxicl. Metals. 
1. I. Jvl. Allam, D. P. Whittle and J. Stringer, 
Oxid. Metals 12, 35 (1978); 13, 381 (1979). 

6. OXIDATION BEHAVIOR OF A TWO-PHASE ALLOY: 
Fe - 44%Cui-

F. Gesmunclo, ~: P. Vianni, + and D. P. Whittle 

During the high-temperature oxidation of alloys 
the scales that fonn often contain a number of dif
ferent phases, each of which may contain more than 
one alloy component. Thus, the ratio of the metals 
in the scale is different from this ratio in the 
alloy because the various components have different 
affinities for oxygen, and the rate of transport in 
the scale is different for each cation and in each 
phase. The composition of the scale may also vary 
with position due to these differening diffusivi
ties. Some success has been achieved in attempts 
to correlate the theories of alloy oxidation kine
tics with diffusional, structural and compositional 
parameters of the metal oxides in systems in which 
a solid solution scale is formed. Here that theme 
is continued in attempting to analyze the behavior 
of systems in which the oxides of the constituent 
metals are virtually immiscible, and the overall 
oxidation rate depends heavily on the distribution 
of the various oxide phases in the scale. In addi
tion, Fe and Cu are relatively immiscible in the 
metallic phase, and large compositional changes in 
the alloy clue to preferential oxidation are there
fore precluded even though there are considerable 
differences in stabilities between iron and copper 
oxides. 

The microstructure of the alloy after annealing 
consists essentially of the as-cast, dendritic 
structure. The dendrites are the iron-rich phase 
which, according to the phase diagram, contains 
5.81 wt% Cu; the copper-rich matrix contains 2.06 
wt% Fe at l000°C. The average size of the iron
rich phase particles is around 20-30 pm. 

The isothermal oxidation rate follows, to a good 
approximation, a parabolic law, and the rate con
stants (g2 cm·4 s-1) as functions of temperature 
are reported in Table 1. Comparison of the alloy 
oxidation kinetic constants with those of the pure 
base metals shmvs an in1provecl resistance of the 
alloy to oxidation; the alloy oxidizes marginally 
more slowly than pure copper, but substantially 
more slowly than iron. The ratio between alloy 
and pure copper parabolic rate constants remains 
almost constant up to 900°C and then decreases 
sharply, whereas for a similar ratio between alloy 
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Table l. Comparison of parabolic rate constants for oxidatlon of Fe-44% Cu with 
pure Fe and pure Cu. [Data for Cu are from D. W. Bndges et al. , 
J. Electrochem. Soc. 103, 475 (1956) and S.Mrmvee and A. Stocklosa, 
Oxid. Met. 3, 2 91 (1971); those for Fe are from M. H. Davies et al. , 
Trans. AIME-191, 889 (1951)]. 

Parabolic rate constants 

(g2 em -4 -1 s ) 

T (OC) Cu Fe 

700 l. 72 X 10 -9 6.0 X 10-9 

800 5.53 X 10-9 5.7 X 10-8 

900 2.80 X 10 -8 2.5 X 10- 7 

1000 8.1 X 10- 8 ~1.1 X 10-6 

and iron a maximum is observed at 800°C. There are 
four principal scale layers as shown in Fig. 1: an 
outer CuO, a layer of CuFe02 or magnetite layer, 
and an i1mer 1viis ti te layer. In addition, there is 
a form of intemal oxidation of the Fe-islands Hi th
in the alloy. After longer oxidation times, the out
er CuO layer develops considerable porosity, Hhich 
tends to be elongated in the growth direction. The 
anount of Fe dissolved in this layer is about 7 Ht% 
and the Cu concentration in the inner layers is 3.5 
and 1. 0 wt% in Fe-04 respectively, at least for 
samples exposed a€ 900°C. Significantly less inter
solubility between the component oxides is observed 
at lower temperatures. 

The main reason for the reduced oxidation rate 
of this alloy in comparison with pure Fe, is the 
reduced relative thickness of the inner FeO layer. 
Generally, on iron this phase constitutes about 
95% of the total oxide scale formed in the tempera
ture range 700-1200°C. In the case of the alloy, 
the oxygen activity at the alloy/scale interface is 
higher, since it can be noted that the iron-rich 
phase of the alloy is oxidized to FeO and the only 
remaining metal phase is the Cu-rich s-phase. In 
the saturated s-phase the Fe activity is as high as 
0.9486 even though its atomic fraction is only 
0.0234, so that the activity coefficient, y 0

, 

assuming Henry's law, is 40.54. A lower limit for 
the Fe concentration in the s-phase is equilibrium 
with FeO corresponding to an oxygen activity equal 
to that between FeO and Fe304. Using free energy 
data, this minimum Fe activity is 0.1284 with the 
corresponding atomic fraction of 0.0032. The 
growth rate for the direct formation of magnetite 
on an iron alloy having this metal activity then 
has been calculated from transport rates in Fe304, 
giving 3.5 X 10··lO, 2.5 X l0-9, 1.3 X 10-8 and 
5.1 X 10-8 g2 cm-4s-l at 700, 800, 900 and 1000°C 
respectively. These are somewhat larger than the 
measured values, and the pressure of CuzO as an 

Alloy -k-
kall. all. 

2.61 ± 0.06 X 10-lO 6.6 23 

8.61 ± 0.85 X 10-lO 6.4 66 

4.73 ± 0.001 X 10 -9 5.9 53 

3.11 ± 0.03 X 10- 8 2.6 35 

outer layer may have reduced the oxygen activity 
at the outer interface of the magnetite layer, 
which would reduce the growth rate further. An 
additional contribution to the observed decrease 
in the scaling rate may also arise from the dissolu
tion of Cu in the Fe oxides. In fact FeO, in spite 
of its large deviation from stoichiometry and the 
comulex nature of its defects, is essentially a 
p-type semiconductor, so that the presence of 
copper--most probably in the fonn of cu+ ions, 
owing to the low oxygen activity--should produce 
a decrease in the vacancy concentration and hence 
slow down the diffusion of iron. Actually, large 
additions would be thought necessary for this 
effect, due to the high concentration of native 
defects in FeO as compared to sin1ilar oxides like 
NiO or CoO. 

Possible stress effects associated with the 
development of different oxides growing at differ
ent rates on the alloy seem to be absent from this 
system. In fact, the scale appears compact and of 
uniform thickness and shows no lateral variations 
in structure or composition, at least none which 
can be directly associated with the two-phase struc
ture of the alloy only. The thiclmess of the 
wi.istite layer sometimes shows large variations 
around the surface of the sample, where at some 
positions it is confined to the intemal oxidation 
region, while in others it extends far into the 
scale. The relative uniformity of the scale struc
ture is possibly related to the small grain size of 
the alloy, so that Cu-rich and Fe-rich regions in 
the alloy alternate frequently at the alloy/oxide 
interface and lateral diffusion is sufficiently 
rapid to even out these fluctuations: differences 
in the scale structure are in fact confined mainly 
in a direction perpendicular to the alloy surface 
rather than parallel to it. 

* * * 
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1. Cross section of the oxide scale formed on Fe·44% Cu oxidized 
for 6 hr at 900°C in air. (XBB 802 2444) 

* * * 
'~-Brief version of LBL·10452 ; to be published in J. 
Electrochem. Soc. 
*Centro Stucli eli Chimica e Chimica Fisica Applicata, 
Consiglio Nazionale delle Ricerche, Genoa, Italy. 

7. FORJilATION OF SUDSCALES OF VARYING CO~!POSITION 1 

D. P. M1ittle, F. Gesmtmclo,+ B. D. Bastmv, § and 
G. C. llloodll 

Significant progress 
the quantitative 
nomena, particularly systems a 
phase scale, but containing both alloy components, 
is formed. This model ignores the possi 
bility of forming a Hithin the alloy 
beneath the surface scale and although this cloc:;s 
not affect the validity of the original treatment 
in any way, a full description of the:; 

characteristics of this type of alloy requires 
of the internal oxidation process also. 

Internal oxidation in these:; systems, where both 
alloy components can and do enter the oxide phase 
forming an oxide:; solid solution, is somcowhat clif· 
fercnt from that classically observed in other 
systems. The internally precipitated oxide is the 
same phase as the surface scale, and within the 
zone of internal oxidation, the fraction of inter· 
nal oxide precipitated varies with position. Typi· 
cal systems to which the analysis applies include:; 
binary alloys of Co, Fe, /vln and Ni with each other 
since the isotypic oxides CoO, FeO, /vlnO and NiO all 
have a simple cubic NaCl structure and form solid 
solutions over their entire composition ranges. 
Equally, the analysis is well suited to internal 
carbide when alloys are exposed to 
miscible. Degradation by internal carburization is 

increasing in significance in many studies 
to materials perfonnance in coal conversion 

and petrochemical processing systems. 
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Figure 1 shows schematically a typical isothermal 
section of the alloy-oxygen phase diagram. The 
alloy and oxide systems referred to above approxi 
mate to thermodynamically ideal behavior, which 
simplifies the analysis, but does not limit its ap-
plicability. Included in . l is the diffusion 
path which represents the locus of compositions 
through the alloy, subscale, and surface scale sys
tem. Portion ab represents the alloy behind the 
subscale zone, portions be and de the compositions 
of alloy and oxide precipitates within the subscale 
region, with bel being the composite path in the sub
scale zone and indicating the relative fractions of 
the two phases, alloy and oxide. There is no over
all change in composition in the subscale region, 
or in the alloy behind it, since the diffusivity of 
the interstitial oxygen within the alloy is far 
greater than that of the substitutional alloying 
elements. By the same token the average composi
tion of metallic components in the oxide scale is 
identical to that in the alloy since the scale 
growth rate is orders of magnitude greater than 
interdiffusion in the alloy. There are concentra
tion changes through the scale, ef, and these were 
calculated in the earlier paper.l 

By expressing the amount of precipitated oxide 
as a function of alloy composition, using the phase 
diagram, the transport equation for oxygen in the 
subscale zone is modified to allow for the constunp
tion of oxygen by precipitation and a transcenden
tal equation for the penetration of the subscale 
front into the alloy obtained. Fraction of sub
scale, composition of the alloy and the compos1t10n 
of the subscale throughout the internal oxide zone 
can also be calculated. 

Figure 2 shows the variation of the subscale/ 
surface scale thickness ratio, !;, with alloy compo
sition, N]3, for different values of r2 and S which 
are the measures of the oxide stability: r2 is 
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Fig. 1. Schematic phase diagram and diffusion path 
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essentially the difference in stabilities of the 
two scale components and clctennines the slope of 
the boundary between oxide and oxide + alloy fields 
on the phase diagram. Increase in D, which in
creases the slope and corresponds to a greater dif 
ference in stability between the scale components, 
has a strong influence on the depth of subscale 
penetration. Increase in OJ also causes the maximlun 
value of scale thickness ratio to 
occur at smaller values of N]3. S, lvhich is a meas 
ure of the stabil of the more stable scale com
ponent, has a lesser influence on the depth of sub
scale penetration. Its effect is opposite to that 
of OJ in that the larger the value of S, the smaller 
is the subscale penetration, and this is related to 
the lower overall solubility of the oxidant in the 
alloy. Other factors which affect the depth of sub
scale penetration include the diffusivity of oxygen 
in the alloy, and the rate of of the surface 
scale. 

Swisher2 measured the rate of internal oxidation 
of an Fe-1% l\!n alloy mqJosed to a HzO/Hz mixture 
with Pr-r20/PHz = 0.2 at 1350°C obtaining a rate con
stant of 7.4 x 10-8 cmZ/s; the value calculated 
from our present analysis is 4.6 X 10-7 cmZ/s. How
ever, as shown in Fig. 3 which expresses the varia
tion of the fraction of internal oxide, the compo
sition of the oxide and that of the alloy as a func
tion of position within the internal oxidation zone, 
the fraction of internal oxide is only 0.012 at the 
surface of the alloy, its maximtun value, and falls 
off rather rapidly through the internal oxide zone, 
decreasing to about 0.004 half-way across it. This 
means that it \voulcl be very difficult to observe 
the precipitation front with an microscope, 
and the measured value of the rate constant almost 
certainly represents an underestimation. Indeed, a 
better indication of the of internal ox ida-
tion can be obtained from 's measurement of 
the Mn concentration 12rofile: this a rate 
constant of l.l x 10-1 cm2/s, somewhat closer to 
that given by the present analysis. 

A better test of the analysis is to compare cal
culated and measured concentration profiles. The 
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fraction of internal oxide particles or their com-
have not been measured, but . 3 compares 

calculated and measured Mn profiles. agreement 
in shape and in absolute value is considered an ac
ceptable test of the current analysis. The concen
tration profile calculated according to Swisher's 

is also included; clue to the asstunptions 
made this has a physically cliscontinui ty 
at the alloy/internal oxide 

!Brief version of LBL-10067. 
TCentro Studi eli Chimica e Chimica Fisica Applicata, 
Genova, Italy. 
§British Nuclear 
II Corrosion and 
Manchester, UK. 

\Vindscale, Ctunbria, UK. 
Center, U.M.l.S.T., 

l. 13. D. Bastmv, D. P. 11~1i ttle and G. C. Wood, 
Proc. Roy. Soc. A356 177 (1977). 
2. J. H. Swisher;-TI!S-Ail'·lli ~fl, 205 (1968) . 

!{ESEARCII PUIJ\JS FOR CJ\LENDi\R YEAR 1980 

Studies of high temperature corrosion by gaseous 
envirorunents containing sulfur and oxygen compounds 
will continue. Results to elate have indicated that 
the buffering capacity of such gases, defined as 
the rate of change of sulfur potential with removal 
of oxygen, may be important and this will be 
studied using gas mixtures the S-0-l! and C-0-S 
systems which have identical initial sulfur and 
oxygen potentiGls. Already it seems that the sul
fur and oxygen potential of the gas are not neces·· 
sarily the critical parameters in controlling be
havior, and that the relative amounts of o.A;gen
and sulfur-containing species in the gas and the 
flow rate are involved. Studies will be extended 
to higher oxygen potentials where SOz is the major 
sulfidizing species. through Crz03 has 
been shown to be critical and studies of the influ
ence of dissolved sulfur on the defect chemistry 
and trasport properties of Crz03 are planned using 
thermogravimetric measurements in controlled atmo-
spheres. Sulfur as a function of sulfur 

0.4 0.6 0.8 
X/X 2 

3. Comparison of caLculated and experimentally measured Drofiles 
for Fe-L% llln oxidized in !!20/112 (0.2) at 13S0°C. (XBL ,802-318) 



ancl 11ill aLso be dotorminocl. 
construct moimingful 
11ill be initiated, prov 

stabili 
sufficient 

Research into corrosion by 1i sulfate depos-
its has roached the stage at which the reiictions of 
tho sulfate melt should be studied in more detail. 

ternarv sul-
fates such as (S04) 2, :s and th~ CoS04 
-\JiS04 - l\a2S0,1 liquids as a of S03 partial 
pressure ,,·ilJ be studied, The mechanism o[ contin
ued transport of SO:; through the mol ten sull-:1tc ,,·ill 
be determined S03 solubiLity studies and Rmnan 
spectroscopy i [ication of the ionic state of 
sulfur compounds in the met:1l . 

Oxide scale aclhes'ton studies kil.1 he continued 
with attempts to develop ;1 more tc1tive de-

of the development at the aHoy/scale 
interface. erosion data 1vil1 also be 
util.i.zecl as a potentia! better method of 
ing scale aclhes ion. It also pJ ann eel to examine 
other parameters 1vh:ich can aflcct peg development: 

si.zc, intermctaLLic and oxide dispersions, 
can be vari.cd more by using actual 

and diffusion II!Lcroscopy 
the early stages grmvth 1vil1 

also be initiated. 1\ ne\1' program on the usc of 
rare earth oxides added as surface ted ni-
tratcs, to inhibit high temperature oxidation and 
scale spa! lation 1d.ll be commenced. 

Theoretical studies hili concentrate on the 
gro11th o [ mult iphase eli ffus ional-
controllcd reactions 1vith 
i.nternal carburizat.ion as a 
The of interstitial 
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a. Erosion-Corrosion-wear 

Alan V. Levy, Investigator 

lntrocluct.ion. Lrosion corrosion studies have 
be8n-conclucfcd-to n a funclmnental 
of the mechanisms 
cles entrained in gas or liquid carrier 
impact the containment wall surfaces of coal con
version system components. Considerable advance-
ments have been made in the mechanical 
and meted lurgical between an 
impacting particle and the surface which it impacts 
upon. A documented mechanism of material loss 
has bGen identified that markedly changes the basis 
for developing models for erosion loss in ductile 
materials. The forces transferred into a target 
material by a ng particle 600 pm in 
diameter have been measured. 

The fluid mechanics of two-phase flo1v at low 
velocities has been defined in a manner that 
accounts for the contribution of the 
impacting 's behavior to the erosion 
mechanism. By so clo it is now possible to 
account for e:qJerimentally determined velocity 
exponents in the erosion model up to values of 
4, an impossibility heretofore. Also, the pattern 
of particle distribution in a three-·climensional 
curved pipe has been analytically established. 
A laser doppler velocimeter test apparatus is now 
in place to ly verify analytically 
cletennincd two-phase flow behavior. The erosion 
behavior of thin scales fonnecl on corrosion resis
tant stainless steels in elevated temperature 
oxicliz and gas systems has been 

to be morpho log\' sons it ive. An improved 
design for an clo\'atcd temperature, reactive gas 
erosion tester that can precisely control test con
ditions has been completed. 

The effect of variations in brittle materials, 
both eroding part i_c} cs and target surface matericll, 
~s~rn rnd 
mentally. 
of varying hardness and 
ferent minerals on the erosion ductile aluminum 
and steel materie1ls has been determined. The 
experimentally dctennined behavior have 
been found to correlate 1vell with proposed 
basic mechanism of ductile metal erosion. The 
erosion of brittle materials as a function of 
stress and strain patterns in the region of 

impact has been analytically described. 

The mechanism of corrosion of stainless steel 

This work \Vas supported by the Division of 
Materials Sciences, Office of Basic 
Sciences, U. S. Dcpnrtment of 
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in contact with char particles has been detennined 
for a number of environmental conditions of char 
compositi.on variation and covering bulk gas compo
sition and fl mv. It has been determined that the 
char can act as both a source for corroding species 
and a barrier against their reaching the metal 
surface from corrosive bulk gases. The behavior 
of the char as a barrier is more a function of its 
composition than its depth over the metal's surface. 

The principals and diagnostic tools used to 
study elevated temperature oxidation-sulfidation 
behavior of metals in coal and oil shale conver
sion envirorunents have been successfully used to 
observe surface and bulk characteristics of metal
alumina heterogeneous catalyst pellets and to 
potentially account for at least some of their 
change in activity as a function of their service 
in coal conversion system applications. 

Erosion Behavior 

l. EROSION iV!EOII\NISMS IN DUCTILE METALS t 

R. Bellman, Jr. 

The mechanical mechanism of erosion of a ductile 
metal by impacting particles has been variously 
described as a micro machining actionl or a 
ploughing behavior2 or a brinnelling type of in
dentation deformation. These mechanisll!S have been 
used to establish analytical models, none of which 
completely defines the behavior. In order to 
establish a better foundation for modelling, an 
experimental tech.'1ique has been developed that 
meticulously observes sequential deformation of 
metal surfaces, a particle impact at a time, using 
the SEM and considerable patience. By following 
the behavior of a specific area under the SEM from 
the beginning of erosion deformation of the surface 
to steady state erosion, a single, pervading 
mechanism has been docwnented that occurs at shal
low and steep impingement angles alike. This 
mechanism is a smearing of surface material by a 
combined forgi.ng-extrusion of the surface that 
produces small platelets that are eventually 
]mocked off the surface by succeeding particle 
impacts. No cutting action that would create 
fresh surface in the bottom of an impact formed 
crater was observed. 

The platelet follning mechanism was observed at 
impingement angles of 30° and 90° on ll00-0 and 
7075-T6 alwninum impacted by 600 )Jln SiC particles at 
100 fps and on 1020 steel eroded at an angle of 
30° by 250 )Jill SiC particles at 100 fps. SEM 



observations \vere made of impacts on fresh 
and on steady state eroded ancl, sequential-
ly, of surfaces impacted by 0.1, 0.2, 0.3, 0.4 and 
up to 2 gm of particles. Platelet formation is 
accompanied by localized acli abatic of the 
imneclinte area affected by the particle's impacting 
force to temperatures of the order of the" 
temperature in the case of the aluminum:' The 
heating results in little difference in the appear-
ance of the area bet\Veen soft, 1100-0 
aluminum and much harder 7075-T6 aluminum alloy. 
Cold working of the surface by the clefonnation from 

impacts does to occur below the 
surface smeared , resulting in platelets 
being formed and broken off more readily as erosion 
continues, but no basic change i.n the 

forming mechanism. 

1 sho\Vs an area on the surface of a 
state eroded 707S··T6 aluminum specimen that 

\vas subsequently eroded with an acldi tional 1 and 
2 gm of The deformed platelets on the 
surface can be seen in the upper photograph, which 

Fig. 1. Sequential removal and fonnation of 
platelets in 7075 Al by 600 ]Jm SiC particles at 
100 (XBB 7910-13307) 
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is of a shalloH crater. In the lower photo, after 
an a deli tional gram of had been impacted 
upon the surface, some of the platelets are shoh~l 
to have been removed and others formed. The nature 
of the platelet activity in the area sh01vn is some
what stylized and represents the mechanism in a 

fonn. Jl!ost material rem ova 1 observed docs 
not have as ideal a configuration of the 
However, essentially no cutting of chips 
observed. 

Figure 2 shows a single crater 
on a 70 7 S -T6 al wninum sur face that was coated with 
gold before being by a 600 vm SiC 
at an angle of 30° and velocity of 150 The 
particles in the unaffected ureas of the surface 
and in the crater are the typical contaminant 
particles which occur in 7075 alloy. M1ile the 
impact crater is relatively deep, some of these 
particles remain in its surface, that 
the crater ,,~as fonnecl by a smearing type rather 
than a action. An map of gold was 
made of the crater area on and shows the 

Fig. 2. Single crater i.n 7075 Al surface 
that was gold coated prior to impact. 

(XBB 791 0-13304) 



presence of the gold deposited on the 
surface of the alloy across the entire crater sur
face, a further indicat.i.on that cutting did not 
occur in the crater. The buildup of a lip of 
metal on the side of the crater is the be-
ginning of the on of a platelet. 

The metallographic observation of the sequential 
nature of erosion of ductile metals eroding 
particle sizes that arc those 
in actual service 1vill be continued to form the 
basis for an model based upon forging-
extrusion mechanisms. 

* "A· * 

Brief version of LBL-10289. 
l. I. Finnic, "Erosion of Surfaces by Solid 
Particles," WEi\R 3, 87 (1960). 
2. J. G. A. Bitter, "A Study of Erosion Phenomena 
Part I," 1\'EAR 6, 5 (1963). 
3. R. E. Winter and I. ill. Hutchings, ''The Role 
or :\cliabiltic Shear in Sol icl Particle J:ros ion," 
WEAl{ 34, 141 (1975). 

2 . EROS ION OF THIN SCALES . 

J. 

The surface degradation of stainless steels by 
the combined erosion-corrosion mechanism which 
occurs at elevated temperatures in coal gasifica
tion systems is a function of the fonnation rate 
of the protective scales on their surfaces and 
the removal of those scales by impacting solid 

f\n investigation of the erosion be-
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of the thin (1-5 )Jln) Crz03 barrier scales 
fanned on 310SS in oxidizing and combined oxidizing

gases at 982°C has been carried out 
by eroding them at room temperature. The erosion 
behavior of Al203 barrier scales formed on an 
experimental Fe-18Cr-5Al-1Hf was also investigated. 

Significant differences in the erosion behavior 
of the scales occurred as the result of variations 
in the oxygen content of the used to develop 
the scale, the presence of in the the 
fo11nation of Si02 at the scale-metal 
and between Crz03 and Alz0 3 protective scale 
compositions. Little difference in the erosion 
behavior occurred as the result of the surface 
condition of the alloy prior to scale formation, 
the temperature of scale formation, 
the activities of oxygen and sulfur 
at levels where sulfide formation did 
and the angle of impingement (30° and 90°) of the 
impacting SO wm SiC particles at 100 fps velocity. 

Figure 1 plots the erosion \Veight loss vs. 
runount of eroding particles for 310SS eroded in 
an air atmosphere (POz = 0.2 atmsl and in two low 
oxygen activity gases (POz = Jo-lS, 10-19 atms) 
and for a Fe-18Cr- SAl-lHf alloy. The greater 
erosion loss for the air oxidized Crz03 barrier 
scale of the 310SS compared to the Crz03 formed 
in the low oxygen content gases 1vas detennined 
to be primarily due to the presence of internally 

SiC eroding material (g) 

Fig. 1. Erosion of thin scales on 310SS and Fe-
18Cr- 5Al-ll-lf fo11ned at 982°C at different oxygen 

16 

partial pressures. (XBL 793-803) 

formed Si02 at the metal-scale interface. The 
more continuous SiOz layer in the air fanned oxide 
scale and its orientation parallel to the scale
metal interface degraded the bond between the scale 
and the metal, enhancing its loss by erosion. Less 
Si02 formed in the low POz exposures and no Si02 
fo11necl in the Al203 fo11ning alloy, whose scale 
eroded the least. The presence of small runounts 
of Si in the 310SS \vas responsible for the fonna
tion of the Si02. 

Figure 2 compares 310 stainless steel with the 
Fe-18Cr-5Al-ll!f alloy. The Fe-Cr-J.\1-Hf alloy 
eroded less and this is attributed to the pinning 
seen in the scale-metal interface as well as the 
absence of SiOz near the scale-metal interface. 

After comparing erosion rates \vith the morphol
ogies of the scale-metal interfaces, it appears 
that there arc three types of interfaces which 
can form, each corresponding to a different degree 
of susceptibility to erosion. 3 sho\,'S 
the types of interfaces. The type shows a 
pim1ing between the outer oxide scale and the metal 
clue to the action of an internally formed oxide. 
This scale showed the least amotmt of erosion. 
The second type shows a smooth contact between 
the metal and the oxide, with the inte1nally formed 
oxide having little influence over the erosion. 
This type of interface showed a moderate amount of 
erosion. The third type of interface shows an 
internal oxide running parallel under the surface 
scale. This type exhibited a high degree of 
erosion clue to a lack of bonding bet\veen the metal 
and the scale. 

+ 

* -A· * 

Brief version of "Erosion of Oxide Scales on Metal 
Substrates," Proceedings NACE Conference on 
Corrosion-Erosion of Coal Conversion 
Materials, Berkeley, California, Jan. 1979. 



Fig. 2. ]vJicrostructure ~f 310SS and Fe~ 18Cr~ SAl
ll-lf fornecl at P02 = 10-l atmos at 900°C. 

2. Smooth 
contact 

(XBB 797-8943) 

3.Porallel 
subscole 

~-~ Increasing ease of erosion ~ 

Fig. 3. Sketches of morphologies of internally 
oxidized SiOz in 310SS. (XBL 7912-13356) 
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3. EROSION iiiiCili\NIS~!S lN BRITTLE SOLIDS 

M. I<J1atibloo 

An analytical model for erosion of brittle 
materials has been developed that agrees more 
closely with observed brittle material erosion 
cracking mechanisms than previous models in the 
literature.l,Z It relates the very complex stress 
and fracture distributions in the contact area of 
an eroding particle in tenns of the target materi-
al's properties and the density and 
radius of the impacting Because of the 
low velocity of erosive particle i.mpacts in energy 
conversion system components, a quasistatic con-
eli tion is assumed with effects. 
T\vo types of particles were considered in the 
models, each of which results in a distinctive 
cone or radial crack fonnation when it impacts the 
target surface. The spherical partic1e induces an 
elastic response in the eroding material while the 
angular particle usually causes some plastic flow 
to occur. 

The model considers the point of maximun stress 
intensity factor, K1, as being the point where 
fracture as the result of particle impact will 
initiate. The stress intensities for positions 
along the surface of the target material out from 
the area of contact of the impacting particle 
were calculated for different crack lengths of 
small, pre-existing flaws in the brittle material's 
surface, designated C in Fig. l. The calculations 
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were made for many points out from the particle's 
area of contact, designated 2a in Fig. 1, along 
the clirect.ion rand plotted, normalizing for the 
contact area of the It can be seen that 
as the length increases, the 
normal K1* decreases and the 
position of its maximum out from the area of con
toct, r, increases (clotted line). Thus, the radius 
of fracture, r, of the impact 
induced crack changes with the size of the pre
existing Clow. This is shmm in Fig. 2. These 

locations agree with data taken from 
several literature sources3,4 and constitute a 
major advancement in the development of erosion 
models for brittle materials. 

* * * 
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4. EFFECT OF PARTICLE CHARACTERISTICS ON EROSION 
OF DUCTILE Jv!ETALS 1 

J. Kim 

The effect of the strength, hardness and fri-
ability of the impacting on the erosion 
of ductile metals at room temperature has been 
cletennined.l Most mechanical erosion tests are 
conducted with particles with Moh hardness greater 
than 7 and usually 9 or over. 2 Since char parti
cles in coal gasifiers consist of materials with 
hardnesses considerably lower than 7, it is impor
tant to understand the erosive capabilities of 
softer particles. Table 1 lists the materials 
that were tested and the range of hardness they 
represent. i\11 of the eros ion tests were conducted 
with 50-70 mesh size particles at a velocity of 
67 mps (220 fps) at impingement angles of 20° and 
90°. The target materials were 1100-0 Al with 
a VHN = 37 kg/nm1Z and 1020 steel 1vith a VI-IN = 
194 kg/nm2. 

Table l. Impacting particle materials. 

Abrasive Particle illOI-lS Vickers Hardness, 
Hardness VI-l!\J (kg/mn2) 

Calcite, CaC03 3 115 

Fluorite, 4 180 
Apatite, Cas (PO 4) 3 (OII,F,Cl) 5 300 
Sand, Si02 

~ 7 700 
Alumina, 9 1900 
Silicon Carbide, SiC > 9 3000 

It was detenninecl that the nature of the abrasive 
particle has a signihcant effect on the erosion 
of the target materials, particularly in the lower 
hardness range of the particles. Figure 1 
the erosion rate of the aluminum and steel as a 
function of eroding particle hardness. The soft 
particles are more friable than the hard particles 
and break up more easily upon , blw1ting 
the portion of them that transmits the eroding 
force to the target material and decreasing the 
effective size of the eroding mass. The 
higher hardness particles their size and 
shape better and this results in increased erosion. 
This increase is more clue to the increasing inte

impacting particles than to their 

Above a critical hardness, which was dete11nined 
to be approximately VIJN = 700 kg/mm, the mass and 
shape of the particles is to have a maxi-
mum effect on the material and further in-
creases in particle had little or no 
further effect on the erosion rate of the aluminum 
and steel. The peak in the erosion rate of the 
aluminum at a VllN = 400 kg/mn relates to the 
of secondary erosion from fragments of the 
particles and the of work hardening of the 



Fig. 1. Effect of impacting particle hardness on 
erosion behavior of 1100-0Al and 1020 carbon steel 
at impingement , u, of 20° and 90°. 

(XBL 801-~ 7) 

subsurface area that is caused by the impacting 
particles and the resultant size of the eroding 
platelets that can be formed. The shape of the 
steel curve conforms to Tillys 3 curve of particle 
size vs. erosion rate, further indicating that the 
size of the effective eroding particle is deter
mining the erosion rate and not its hardness. 

* * * 

version of LBL-10268. 
1. K. Nellinger and H. Uetz, Wear 1, 225 (1954). 
2. Iain Finnie, Wear 19, 81 (1972)-:-
3. J. Goodwin, W. -and G. Tilly, "Study of 
Erosion by Solid " Proceedings of 
Institution of Mechanical (London) vol. 
184, 279 (1969). 

5. THE HAW EFFECT IN JET IWINGEMEI\IT SOLID 
PARTICLE EROSION TESTING OF DUCTILE tv!ETALs·l 

L. Lapides and A. Levy 

Two different areas of erosion occur on flat 
test specimens to gas solid particle 
erosive streams the stream diameter is smal-
ler than the specimen surface dimensions. The 
inner area accounts for the maj of the weight 
loss (sec Fig. 1). This area sees set test 
conditions of velocity and impingement angle. 
Erosion also occurs outside this area in an area 
designated as the "halo area". The weight loss 
in this area depends on the impingement angle of 
the , and ranges from as high as 25% of 
the total weight loss at 15° to 3% of the total 
weight loss at 60°. Figure 2 shows the geometry 
of the impingement; Table 1 shows the values of 
the variables. A definite boundary was observed 
between the two areas. This halo erosion effect 
was found to be primarily clue to the velocity dis
tribution of the particles in a cone arow1d the 
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15° Unmasked 15° /~!asked 

60° Unmasked 60° Illasked 

Fig. l. Masked and unmasked specimen appearance 
after erosion at impingement of 15° and 60°. 

(XBB 7810-13575A) 

principal column of particles the specimen. 
Table l shows that the velocities vary by a factor 
over 2 between the primary and halo areas. A 
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Fig. 2. Diagram of relationship between nozzle and 
specimen. (XBB 7811-12814A) 

Table l. Values of variables and erosive flow. a 

Angle 

Area Primary Bmmdary Halo Primary Bmmdary 

Tcnn 

lb 0.15 0.25 0. 35 0.15 0.22 

zb 0.75 0.94 l. 25 0.17 0. 26 
V, 

l 
b 140 123 96 191 126 

vz 151 134 116 172 117 

ol 4 rO .) 4.2° 

n 3.4° 5.1° "'2 

Fig. 2. 

bThese are only relative velocities, not absolute 
velocit[cs. 

secondary effect is the change in the true angle 
of the particles striking the specimen from the 
set angle. 

+Brief version of LBL-8525. 
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Corrosion Behavior 

l. CORROSION OF iv!ETALS BY CHARI 

T. Foerster 

The presence of char in coal gasification reac
tors provides a potential corroclent to metal sur-
faces that come in 1vith it in a static 
or semi- static mode. ' A study has been completed 
to detennine the mechanisms of the elevated tempera
ture corrosion that occurs and the effects of 
variables such as the char composition, quantity 
of char and bulk gas composition over the char. 
The 304SS was exposed to the test chars at 982°C 
for t in1es from 2 4 to 96 hours. 

Figure 1 plots the weight of the 304SS for 
several gas concli tions over char for three 
different chars; Fiv!C char from W. Kentucky coal, 
Husky char from North Dakota lignite and Synthane 
char from Illinois 116 coal. The Flv!C char 1vas 
processed at a low temperature in the COED process 
and retained a significant amount of volatile sul
fur while containing a relatively low amount of 
CaO in its low ash content. The Husky and Synthane 
chars 1vere processed at higher temperatures which 
eliminate volatile sulfur from their chars and 
they contained high quantities of CaO in higher 
total ash contents to the FMC char. These 
factors explain the resulting 1veight gain dif
ferences. 

In the closed exposure retort test with no cir
culating bulk gas over the char bed, the volatile 
sulfur in the FMC char was retained in the char, 
producing a high sulfur activity at the char-metal 
interface and a resultant greater degree of sulfi
dation and resultant weight gain. When the stop
cock on the retort was opened, the volatile sulfur 
could escape from the FMC char and the weight gain 
was reduced. When a 1% HzS gas was flushed 
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j 
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Fig. l. Weight of 304SS exposed to three 
different chars at several gas conditions. 

(XBL 795-1670) 



through the system, aclcl:iti.onal volatile sulfur was 
removed from the FMC char and the weight from 
sulfidati.on was further reduced, even though the 
bulk gas had its own sulfur content. When the 
sulfur activity of the bulk gas was reduced, the 
bottom two points for the Fi~<!C char on the weight 
gain plot resulted. The Synthane and Husky char 
specimens had lower weight gains than any of the 
FMC char specimens because the CaO in those chars 
acted as a getter for the sulfur that was present. 
The Husky char had the highest CaO content in its 
ash of the three chars tested 13 Vlrt.% composed 
to 6. 5 11rt.% for the Synthane and 4% for the 
FMC char. 

Figure 2 shows the external and internal sulfide 
scale follned on the 304SS when it was exposed to 
the FMC char in a closed test retort for 24 hours. 
Pieces of char were encapsulated in the scale that 
formed. Figure 3 shows the considerably reduced 
amount of scale that formed on the 304SS in the 
test where a 1% I-12S content, moving bulk gas was 
maintained over the FMC char bed in a 96 hour test. 

2. External and internal sulfide scale folllla
tions on 304SS exposed to H!C char i.n a closed 
retort for 24 hrs. (XBB 795-6632) 
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Fig. 3. External and internal sulfide scale forma
tions on 304SS exposed to B<!C char with 1% H2S 
content flowing bulk gas. (XBB 795-7481) 

The increased exposure t:iJne resulted in a decreased 
amount of sulfidation because of the removal of 
the volatile sulfur from the char by the moving 
bulk gas. 

The Husky and Synthane chars acted as a barrier 
to the sulfur in the bulk gas, resulting in less 
sulfidation as the char thiclmess was increased 
over the specimens. However, the carbon in the 
char acted as a getter for the oxygen in the bulk 
gas and, as the char thickness over the 304SS 1vas 
increased, the amount of Cr203 formation on the 
304SS decreased. 

This project demonstrated the sensitivity of 
stainless steels to corrosion in contact with chars 
of composition from different gasification 
processes and starting coals. 

* * * 

·)·Brief version of LBL-9308. 
1. B. Gordon, "Corrosion of Iron Base Alloys by 
Coal Char at 871° and 982°C," M.S. thesis, LBL-
7604, March 1978. 
2. D. Douglass and V. Bhide, "Mechanism of Cor
rosion of Structural ~latorials in Coal Gasifier 
Atmospheres," UCLA, August 197 8. 

+ 2. CATALYTIC DEACTIVATION. 

R. Stanley, D. P. 11~1ittle, A. Levy, and!!. Heinemann 

The use of heterogeneous desulfurization cata
lysts consisting of silica-alumina supports on 
which are deposited Ni-Mo, C:o rlo as oxides that could 
be susceptible to sulfidation in the 
envi rorunents of coal conversi.on systems were stud
ied to cletennine the nature of the· pellet surfaces 
after service ancl upon Fresh, spent, 



and spent and of t1vo t)1)es 
1vcre obtain eel from the !I lobi] Corp. and metal-
lurgic:llly analyzed. It ,,as determined that rela-

thicl< seal cs up to 20 ;:m conta unng conccn
trations of sulfur and metallic clements from the 
cnvi_ronmcnt and from the catalyst pellets formed 
on the pellet surfaces under some conditions. 
Surface areas and pore vohunes were markedly 
reduced on those 1vhere the scales formed. 

Figure 1 shows t1vo cross sections of a pellet 
of I!DS-1441 catalyst that had been used to hyclro-
desulfurize crude ojJ. The fresh sh01vs 
no scale 1vhile the spent and 
shows a heavy formation of Figure 2 shows 
the scale highly fled along with ED;\,\ analyses 
of its composition at various points. It can be 
seen that the scale contains concentrations of 

a) FRESH 

c) 

SPENT-R 

0.2mm 

0.2mm 

N. 
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sulfur and vanacLilun, both of Hhich decrease as 
the analysis moved toward the center of the pellet. 
The presence of peaks of S, V, lifo, Ti ancl Fc near 
the surface of various studied inchcates 
that the metallic of the environment 
and the are with sulfur and 
probably oxygen to form scalcs that can 
markedly reduce the o [ the 
Concentrations of these clements were veri fiecl 
by electron probe micro analysis. Work i.s current
ly undcnvay to use metallurgical teclmiqucs to 
further study surface behavior of clesulfurization 
catalysts. 

·k * * 

.;Bri_ef version of LBL-10026 

b) FRESH 

d) 0.2 mm 

SPENT-R N. 

Fig. 1. Scale formation on spent and regenerated clesuHurization 
pellet. (Xl3B 802- 2169) 



155 

Fig. 2. SEM-EDAX analysis of compos1t10n variation of scale formed on 
clesulfurization catalyst pellet. (XBB 802 2167) 

Two Phase Flow Behavior 

1. GAS-PARTICLE FLOW IN THE ENTRY REGION OF A 
CURVED PIPEt 

Woon-Shing Yeung 

The fluid dynamics of a dilute gas 
mixture entering a circular curved pipe has been 
investigated. The fluid is assumed to be incom
pressible and the flow nonseparating and laminar. 
Individual numerical schemes have been devised to 
handle the two different regions of the fluid flow 
field, i.e. , the irrotational core region and 
viscous boundary layer region. Thus, in the core 
region, the traditional Telenin's method is modi
fied to obtain a munerical solution for the velo·· 
city potential function. For the viscous bow1elary 

layer, the orthonormal version of the method of 
integral relations is applied with a back-
ward difference scheme for the cross derivative 
terns. Interaction bet\veen the two regions is 
also accounted for by means of a simple iteration 
scheme. 

Since an irrotationz1l core is assumed, the uni-
fonn entry profile to a tlvo··dimensional 
potential vortex shortly do\mstrezun of the entry 
section. This is consistent \,rith a recent experi-
mental on curved pipe flO\v 

and Cong. There is also a 
cross flow directed from the outer bend towards 
the irmer bend in the inunecUate ne ighborhoocl of 
the entry section. Further do\Vl1stream, the cross 
fl01v reverses its cl i rect ion and moves [rom the 
inner bend towards the outer bend, as is generally 



reported in all curved pipe investigations. The 
axial profile, however, does not change drastically 
from that of a unifonn profile because of the weak 
interaction between the core and boundary layer 
region for the values of Revnolcls number considered 
in this report (Re 104 ~ 105). 

To assess the erosion of the pipe by the parti
cles the dynamic equations of the particle phase 
are solved. Lagrangian equations of motion for 
the particle phase are used. Due to the complica
tion of the momentum coupling between the two 
phases (i.e., the gas phase and the particle phase), 
only the first order solution for the particle 
phase has been obtained by neglecting its effect 
on the gas flow field. This has been proved ade-. 
quate, for example, in the erosion calculation of 
a curved pipe carrying a gas-solid mixture. 
Figure 1 shows particle paths for flow in the 

90 

0 
1.1 10 09 r 

l. Particle paths for values of Lm, a measure 
a particle's momentum. The gas flow is in the 

direct of cp 0
• y is the nondimensional radius of 

curvature. (XBL 795-6224A) 

curved pipe. The impact points indicate the posi
tion in the pipe where primary erosion occurs. 
Primary erosion points are the points at which the 
particles first strike the Hall in the figure. 

* * * 
.j. 

Brief version of LBL- 9905. 
1. Y. Agrawal, L. Talbot, and K. Gong, J. Fluid 
Mech. ~' part 3 (1978). 
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2. SEPARATION EFFECTS IN GAS- PARTICLE FLOWS AT 
HIGH REYNOLDS NUMBERS! 

Jonathan A. Laitone 

Predicting the fluid mechanical characteristics 
such as particle trajectories and impact velocities 
of an eroding gas-solid two-phase flow jn a contain
ment vessel is crucial for the successful design 
and operation of coal gasification systems, coal 
fired turbines, and other energy conversion systems. 
The difficulties associated with the analysis of 
gas-particle flows have precluded general solutions, 
with most research being applied to simple geome
tries and often to flow conditions that arc not 
particularly useful. 

In the present work a general numerical solution 
is developed which extends a numerical scheme for 
gas flow developed by Chorini to a solution suit
able for dilute gas-solid particle flows over a 
much wider range of geometries than previously 
treated. The method is designed to solve the time 
dependent equations but may be used in the steady 
state case as well. 

The numerical method is applied to the flow of 
gas and particles about a cylinder. Previously, 
gas-particle models have utilized a potential flow 
approximation for the gas motion. The present 
method predicts boundary layer growth and separa
tion by introducing viscous effects in the 
flow. Figure 1 indicates the discrepancy 
potential theory and the exact viscous case for 
Reynolds Nunber, Re = 1000. For values of .\ (a 
measure of a particles' momentun) less than two 
a cylinder placed in the flow is predicted by 
viscous effects model to collect less narticles 
than that predicted by potential theory. This is 
due to the effect of a viscous boundary which 
acts to deflect gas and particles away from the 
cylinder. 

The method also predicts particle motion in the 
wake region. In Fig. 2 particles of different sizes 
arc entrained in the Karman vortex street and ex-

Fig. 1. Particle momentun equilibration nunber, .\, 
versus collection efficiency nc for a cylinder 
placed in a two phase flow regime. (XBL 799-2 769) 
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Fig. 2. ectories of of different 
particle momentum, :\, over a cylinder of radius R 
with spatial coordinates of x and y. (XBL 799-
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hibit sinusoidal ectories. Good agreement is 
3 fou11d between the nunerical results2 and exp8r:iJncnt. 

·!·Brief version of LBL· 9996. 
L A. J. Chorin, J. Fluid Mcch. 758 
2. J. A. Laitone, Separation in Cas-
Particle Flows at High Reynolds Numbers, LBL-· 9996 
(1979) . 
3. C. Grant and W. Tabakoff, J. of Aircraft 1:~, 
(No. 5), 471 (1975). 

3. AERODYNAJv1IC EFFECIS IN THE EROSION PROCESS! 

J. A. Laitone 

Experim8ntal investigations of velocity eff8cts 
on th8 erosion of a ductile material by aerodynami-
cally entrained solid indicate erosion 
can vary with velocity raised to an exponent up to 
the order of four in nonnal or 90° . For 
smaller angles of the exponent is less 
than four but greater t\,'O. Previous quantita·-
tive erosion models do not predict these high ex-

values. In this stucly,.L th8 two-phase 
mechanical system is and an analyti-

cal expression is presented that 
impact speeds varying with the 
speed in normal impi1Cts (Sec 1). 

The aerodymunic effects modify the 
kinetic energy by increasing 

dependence. Including the aerodynamic effect with 
an equation of motion type erosion model such as 
Finnie's2 yields erosion rates varying with free 
stream velocity wi.th exponents bet\veen 2 and 4; 
a result experimentally confirmed. 3 

This is 
erosion of 
to 

a cr L tical result for the study of 
materials. Researchers have attempted 
why erosion varies with velocity ex-· 

ponents greGter than t1vo by considering only 
surface interaction. Their results arc 

valid only for icles that arc not aeroclvnami-
cally with single · 
clropp8cl on <1 surface arc devoid of aerodynamic 

100 

Particle diameter 

q (! urn 

100 1000 10,000 

Free stream , U, (em/sec) 

Fig. l. Effect of free stream velocity on 
at the surface. The slope of the curve is 
by m. The maximum value of m yields 

(XBL 1053) 

effects and, thus, the impact speed, q, 
the free stream speed U, Car from the 
This study indicates role of cwroclynamics in 
an erosion stuclv. Jn order to util.izc an erosion 
model in an · the 's 
impact speed from its free stem 
speed must be is determined 
from the free stream solving the fluid 
mechanical system. 

Brief version o[ LBL 8962. 
l. J. Laitone, Aerodynamic [f fccts in the [rosion 
Process, Proceedings of the :Srcl International 
T ribology Conference, Paisley, Scot 1 and, Sept. 
10-1.3, 1979. 
2. I. [;im1ie, Wear (1972). 
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4. DEVELOPfv!ENT OF !\ Li\SER TEST SYSTE~l FOR T\VO
Plli\SE FLO\\' STUDIJ:S 

A. llloclavi 

The major effort over the 
cal1y describe part 



velocities of eroding in two phase flows 
to dete11nine particle impacting conditions 
on target has developed models for flo1v 
over various shaped surfaces. The nature of this 
flO\v was used to develop a refined 
flow system that can test the 
models. Verification of the models will consider
ably enhance the ability to erosion rates 
of surfaces of different geometries that arc con
taining solid fluid DO\v systems in coal 
conversi.on systems. The test system is particular
ly designed to be able to produce data that can 
be scaled to full size component flo\'ls. It is 

to the needs of the analytical models 
developed to describe flow in pipe bends and 
elbows, in sudden expansions imd over sharp corners 
and about turbine blncles, plates and inders. 

Figure 1 shows The cold air 
flow system provides air ies of 0 to 30 

up to 0.5 differential pressure in 2x2 
inch curved rectangular clucting. The test section 
of the duct is made of optically clear plastics 
which allow laser Doppler measurements to be 
carried out. 1 The Laser Doppler Velocimetry (LIN) 
is a noni.ntrusive mensurement technique 
which employs a laser probe (the intersection 
of two beams of monochromatic light) to generate a 
modulated (Doppler shifted) light scattered off 
various particles' flow through the light probe. 2 
This light is detected by photomultip1 ier 
tubes, or other photo detectors, and processed 

to translate such signals into velo
city of the particles. 

AiR 

0 
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The diagram at the right side of the figure 
illustrates a simple LDV system, the actual LDV 
system employed is a more complex dual color back 

LDV system. The dual color LDV provides 
simul Umeous measurements of two components of 
velocity and employs the two pr'imary frequencies 
of a 2 watt argon ion laser. 

A minicomputer is used to provide the record 
keeping of the cow1ts of up to 20 kHz from 
two Disa LDV processors. The minicomputer also 
provides the auto-positioning of the LDV optics 
by commanding 8 custom made SYZ motorized table to 
move in 1/1000 mm increments. 

The data can be processed and 
displayed/plotted on the computer terminals or can 
bo stored on the magnetic discs for future proces-

In a deli tion to the LDV a real 
time signal is available. 3 

* * * 

l. S. /llason and B. Smith, Erosion of Bends by 
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Particles, P01vder Technology, Netherlands, March 
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3. D. I-lolve and S. Self, An Optical Particle
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Fig. l. Schematic of two-phase flow test system and Laser Doppler 
velocimeter. (XBL 801-52) 
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RESEARCH PUv\JS FOR CALENDAR 1'EAR 1980 

The mcchzmism of erosion by the formation of 
platelets on the surface of a ductile metal will 
be further imentally cloCLuncnted ancl an analyti-
cnl model be developed based upon the 
extrusion mechanism that forms the eroding plate
lets. Further efforts wi 11 be made to define the 
stresses ancl strains that occur upon of an 
erosive particle by experimental measurements using 
the teclmiques ell ready developed and to utilize 
them in zm analytical model and in clef in ing what 

of a target material enhances erosion 
Elevated erosion and com-

bined erosion--corrosion studied further. 

The effects of coatings of different types and 
compositions applied by several clifferent mechanisms 
on the erosion and combined erosion-corrosion 
behavior of structural metals will be 
The combined erosion-corrosion behavior of 
scales on stainless steels w.ill be studied to 
determine under 1vhat envirorunental conditions each 
of the mechanisms is governing ancl how 
the combined behavior is. 

The fluid mechanics of flow will be 
studied 1 y to model predict ions 

laser instrumentation. analytical work 
will concentrate on adopting initial 
models to fully turbulent flow conditions. The 
behavior of two flows where the carrier 
vehicle is a liquid such as an oil will 
be anal yt icall y 
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b. In-Situ of Gas-Solid Reactions Electron Microscopy* 

J. W Evans and K. H. Westmacott, Investigators 

l. EAl<.LY STAGES OF REDUCTIOK OF NICKEL OXIDE 
SINGLE CRYSTALS: J\J\l INVESTIGATION BY TPI'v\lSMISSION 
ELECTRON !Ill CROSCOPY 

J. A. Little, J. \1/. Evans and K. H. 11/estmacott 

BecatLse of its cal importance, a great 
deal of ~York has been done on the reduction of 
metallic oxides to metals and in this investigation 
the reduction of nickel oxide to nickel is being 
studied at all stages of reduction using a trans
mission electron microscope. The main emphasis of 
the \l'ork is on examining the reaction in-situ in an 
environmental cell in the Hitachi 650 kV high 

electron microscope. This environmental 
gases to be introduced into the vicin· 

i ty of the specimen 1Vhilc isolating the same gases 
and the reaction products from the vacuum system 
of the microscope proper. This is achieved by a 
system of eli fferential pumping within the cell 
and thus allows transmission of the electron beam 

the system and direct observation of the 
reduction reaction as it occurs. However, such 
in-situ observations must be correlated with results 

by ex-situ reduction and in this report are 
pre sen ted the results of such ex-situ reductions 
of nickel oxide examined in a 100 kV microscope. 

Small 3 mm discs of nickel oxide were prepared 
by conventional techniques and thinned until a 
hole appeared indicating thin areas sui table for 
microscopy. The reductions 1vere then carried out 
by the specimens lUlder hclilu11 to the re 
qui red temperature, exchanging Hi th hydrogen for 
the required time and then cooling under vacuum. 

The reduction/time curves of this system show 
an appreciable period of time at low temperatures 
h'hen appears to happen as measured by 
convcntiona l weight loss techniques and it 1vas 
found that at 20U 0 C: this period, knmv11 as the in-
duction 1vas about 15 minutes in length and 
so reductions 1verc carried out for 15, 20 and 25 
minutes. 

rhe reduced for 15 minutes showed dis-
crete nickel nuclei in size from 100 to 
2000 J\. Di [fraction patterns from this area showed 
the nuclei to be cpi taxial 1vi th the nickel oxide 
matrix with complete of the cube directions 
and planes in both structures. 1 shows a 
bright field micrograph of a area cmcl also 
a dark field micrograph taken a (111) nickel 
reflection, Such imaging con eli tions shmv that most 
of the nickel nuclei are in the same orientation 
and stereo microscopy reveals them to be on the 
surface of the matrix. However, a small fraction 
of the nuclei clo not appear to be in the same 
orientation and are thus non-epitaxial; the two 

''This \v'ork \,·as suoportecl bv the Division of 
~late rials Scienc~s, Ofhc~ of Basic 
Sciences, U. S. Department of Energy. 

Fig. 1. Bright field and dark field mi crogre1phs 
of a typical area after 15 min. reduction. 

(XBB 7911-

types of nucleus arc shown schematically in 2. 

After 20 minutes at 200°C the maj of the 
nickel nuclei arc not 1vith the oxide, 
as can be seen from the typical area plus associ-
atecl diffraction pattern seen in 3. The 
cliffroction pattern shows that the exact orienta
tion relationship between the nuclei and matrix 
is slowly disappearing as the nickel reflections 
become powder rings, although the intensi of 
these rings is still higher at the coin-
cident nickel reflections. Also many of the nuclei 
arc no1v associ a ted 1vi th fissures, presumably 

from the strain mismatch bct1vecn the matrix 
and the nickel which is of much smaller 
volume. These fissures may represent the first 

in the fonnation of the pores found on 
many oxides. 

After long e:A1Josure to the reducing environment, 
the nickel nuclei are found to have gro1vn and 



Fig. 2. Schematic figure of epitaxial and non~ 
epitaxial nuclei. (XBL 799~7129) 

Fig. 3. Bright field micrograph plus diffraction 
pattern from typical area after 20 min. reduction. 

(XBB 7911-15337) 

impinged upon other nuclei and fanned large clus
ters of nickel metal. The associated diffraction 
patterns now show no evidence of epitaxy and the 
nickel is evident only as well-developed powder 
rings on the diffraction pattern. 

Thus we have observed that during the early 
stages of nickel oxide reduction by hydrogen there 
exist both epitaxial and non-epitaxial nickel 
nuclei, the latter becoming predominant as time 
progresses. It is tempting to conclude, therefore, 
that a loss of epitaxy is a feature of the growth 
of the nuclei. However, such a loss would imply 
a rotation or similar movement of the nuclei, and 
it is difficult to see how this can take place 
for nuclei embedded in the host lattice. A more 
plausible explanation is that non-epitaxial nuclei 
are fanned less rapidly in the initial stages but 
grow more rapidly once fanned. Since nickel oxide 
is non~stoichiometric, the initial oxide (equili
brated in air) may be chemically quite different 
from that towards the end of the early reduction 
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period, where much oxygen has been removed from 
the surface. Figure 3 shows that the nuclei are 
frequently separated from the nickel oxide matrix 
by a fissure and it thus appears that the porosity 
which must form as nickel oxide reduced to nickel 
forms, not within the nickel but rather on parts 
of the nickel oxide/nickel interface. As the 
nuclei impinge and coalesce a large scale structure 
results with internal porosity observable by such 
teclmiques as optical microscopy. 

RESEARCH PLPu\JS FOR CALENDAR YEAl\ 1980 

The current work has shoM1 the relationships 
between the nickel oxide and nickel nuclei during 
the hydrogen reduction to change with time and to 
vary over the surface of the oxide. Thus further 
work will concentrate upon a detailed analysis of 
these factors by observing the reactions as they 
occur in the environmental cell in the transmission 
microscope. Both hydrogen and carbon monoxide/car
bon dioxide mixtures will be used and the effects 
of varying both the partial pressures of reducing 
gases and the reduction temperatures will be inves
tigated. T1le study will also be extended to cover 
both the ex-situ and in-situ reductions of poly
crystalline nickel oxide and thus the effects of 

boundaries examined. 

This work will also study the reduction of other 
metallic oxides, notably the iron oxides to iron, 
in a similar attempt to correlate the microstruc
ture of the solids with the reactivity. 

In all of the above work it is hoped to add a 
mass spectrometer system to the outlet side of 
the environmental cell to thus examine the kinetic 
data available during a reduction reaction and 
correlate this data with microstructural changes 
seen in the microscope. 
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This work was supported by the American Iron and 

,Steel Institute. 
dThis work was unsupported. 
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1" Experimental Solid State Physics 

a" Far Infrared Spectroscopy* 

PaulL. Richards, Investigator 

Introduction. The objective of our research 
is to-use the infrared and near-millimeter wave
length range of the electromagnetic spectrum as a 
probe to do experiments which are selected for 
their teclmical novelty and their potential for 
revealing new physics. Our work includes devel
opment of new measurement teclmiques, such as new 
spectrometers, detectors, etc. In recent years 
considerable effort has been devoted to sensitive 
infrared detectors for use in experiments in 
which the background photon level is low. The Ge: 
Ga photoconductors, the uniaxially stressed Ge:Ga 
photoconductors, the composite bolometers, and 
the superconducting diode photon detectors devel
oped in this project are now the most sensitive 
infrared and near-millimeter detectors ever pro
duced over the wavelength range from SO )Jlll to 8 mm. 
The superconducting diode devices are also the 
most sensitive available heterodyne receivers at 
mm wavelengths. 

Experimental projects not described in detail 
in this report include a recently completed 
balloon measurement of the spectrum of the cosmic 
(black body) background radiation which comprises 
90% of the radiant energy in the universe. This 
experiment was the first to show that the spectrum 
of the microwave background falls at frequencies 
above the peak at 6 cm-1. It also showed devia
tions from a black body spectrum at the confi
dence level of 5 standard deviations. A new 
experiment is being prepared to check these devia
tions. It will be different in most respects in 
order to reduce the possibility of common system
atic errors. If the deviations are confirmed 
by new experiments, they will be a matter of high
est importance for cosmology. 

Other projects in progress, but not described 
in detail here, include a balloon experiment to 
survey the sky at far infrared wavelengths which 
had its first flight in the spring of 1979; a 
project to improve the performance of photocon
ductive infrared detectors and to test fundamen
tal noise theory; a project to use adiabatic 
demagnetization to cool bolometric infrared de
tectors below 0.3 K; and a project to measure the 
thermal emission from molecules chemisorbed on 
metal surfaces. TI1is work will be described in 
future annual reports as the projects are com
pleted. 

work was supported by the Division of 
lvlaterials Sciences, Office of Basic Energy 
Sciences, U.S. Department of Energy. 

1. INFRARED SPECTRA OF CO CI-JEMISORBED ON Nit 

R. B. Bailey,r T. Iri,§ and P. L. Richards 

We have developed a sensitive low-temperature 
thermal detection technique for measuring the in
frared vibrational spectra of molecules chemisorbed 
on metals. We have used this technique to measure 
the detailed coverage dependence of the infrared 
spectrum of carbon monoxide molecules adsorbed on 
evaporated nickel films. The experimental appara
tus we have developed detects the ·dbrational 
resonances of adsorbed molecules by attaching a 
germanium resistance thermometer to the sample, 
cooling the assembly to liquid helium temperatures, 
and measuri:Jg the temperature changes which occur 
when infrared radiation is absorbed. lY11en com
bined with a rapid-scan Fourier transform infrared 
spectrometer, this teclmique produces vibrational 
spectra with high sensitivity and high resolution 
over a broad range of frequencies. These spectra 
can be used to identify molecules adsorbed on 
solid surfaces and to study the nature of their 
interactions 1vi th the surface and with other 
adsorbed molecules. 

The sequence of spectra shmv11 in Fig. 1 was 
produced by exposing an evaporated nickel film to 
CO gas at 77 K and then wanning the sample during 
the brief intervals between low temperature spec
tral measurements to reduce the surface coverage. 
The appearance of distinct absorption lines indi
cates that CO Inolecules are bonded to different 
lattice sites on the nickel surface. Comparison 
of these spectra with published data for (100) and 
(111) nickel surfaces,l,Z suggests that the poly
crystalline evaporated films consist mostly of 
(100) or other faces without the three-fold adsorp
tion sites present on (lll) surfaces. We associ
ate the changes in the relative intensity of the 
two strong absorption lines with transitions be
tween different ordered phases of the CO layer, 
each of which is stable over a limited range of 
surface coverage. The sum of the intensities of 
the two lines increases relatively smoothly Hith 
coverage. This interpretation is supported by 
the fact that the relative intensity changes do 
not occur when the measurement is repeated on a 
disordered ion-bombarded nickel film. 

* * * 
version of LBL-10159. 

't'Present address: Electronics Research Center, 
Rockwell Intemational, P.O. Box 4761, .Anaheim, 
CA 92803. 

Address: Department of r:Jaterials 
Science, University of Electrocommunications, 
l 5-l Chofugaoka, Chofu-shi, Tokyo 182, Japan. 
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Fig. l. Infrared spectra as a function of the 
surface coverage of CO molecules on an evaporated 
nickel film. The coverage increases monotonically 
from a value of approximately '' = 0. OS at the top 
to '" = 0. 85 at the bottom of the figure. 

(XBL 7912-5417) 

1. S. Andersson, Solid State Conun. 21, 75 (1977). 
2. W. Erley, J~J. Wagner, and H. Ibacn, Surface 
Sci.~' 612 (1979). 

2. ELECTRONS ON THE SURFACE OF LIQUID lfELIUJ\fl· 

D. K. Lambert+ and P. L. Richards 

Electrons pressed onto the surface of 
superfluid liquid helium from the gas by an 
external electric field can populate 
potential-induced surface states. Electrons in 
such states have large mobility along the surface 
and, to a good approximation, can be described as 
a two-dimensional electron gas. \Ve have used a 
far infrared molecular laser to study transitions 
from the ground state to various excited states 
of this gas. The transition frequencies are a 
function of both the applied electric field and 
the surface charge density. 

The measured values of the field at resonance 
for low surface charge densities sho1'1J1 in Fig. 1 
are in excellent agreement with curves calculated 
from a one-dimensional Schrodinger equation. The 
Hamiltonian included an 
field, an infinite barrier at the 
and the applied electric field. 
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Fig. 1. Plot of the laser frequency versus the 
electric field at which transitions are observed. 

(XBL 798-6725) 

The coverage of surface electrons was indirectly 
obtained by measuring the capacitance between 
electrodes placed above and below the surface of 
the helium. A self-consistent electrostatic 
shielding calculation was used to interpret these 
measurements and to obtain values for the surface 
charge density which were accurate to 1%. A de~ 
pendence of the value of the applied field re
quired for resonance on the surface charge density 
arises because of the electric dipole field from 
the surface electrons (and their image charges) 
surrounding the electron undergoing the transition. 
Although this surface charge density effect is 
small it can be measured. It can also be calcu-

if a model for the radial distribution 
fw1ction of the surface electrons is available. 
In . 2 we shmv that the measured field shift 
increases more rapidly with charge density than 
that calculated for a hexagonal lattice of the 
surface electrons. The slope of the line in 

. 2 provides the first experimental measure of 
the disorder of the 2-climensional electron gas. 
111e measured value is about two standard devia
tions larger than theoretical predict ions fotmd 
in the literature.1,2 

* * * 
-~'Brief version of LBL-95S3 and LBL-10048. 
*Permanent address: Research Laboratories, 
General Motors Corporation, Warren, Michigan 
48090. 

1. !L Totsuji, Phys. Rev. J\17 39 (1978). 
2. R. C. Gmm, S. , and G. V. Chester, 
Phys. Rev. 1320, 326 (1979). 
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versus the calculated contribution to the 
resonance from a hexagonal lattice of 

surface electrons with the same density. 
(XBL 798-6724) 

3. SUPERC00<'DUCTING RECEIVERS FOR MILLIMETER 
MICROWAVEs!· 

T-l\1 Shen, P, L. Richards, R. E. 1-Iarris,r and 
F. L. Lloycri' 

TI1e rapid onset of quasiparticle tunneling 
current at the full energy gap voltage in a super
conductor-insulator-superconductor (SIS) tunnel 
junction is one of the strongest nonlinearities in 
any physical system. We are using this eff~ct 
to make sensitive microwave detectors and m1xers. 
Because of the interest in digital computers based 
on the Josephson effect, there has been extensive 
development of SIS tunnel junctions. Junctions 
made from Pb alloyed with small quanti ties of In 
and J\u withstand many hundreds of cycles between 
helilnn temperature and room temperature. Struc
tures with micron dimensions suitable for use at 
microwave frequencies can be produced.by optical 
lithography. Junctions for our expenments have 
been produced at the National Bureau of Standards 
at Boulder technology similar to that de-
veloped at IBM. 

According to classical theory, the responsivity 
of a detector is proportional to the curvature of 
its I-V curve at the bias point. This quantity 
can become very large for an SIS quasiparticle 
detector biased at the full gap voltage. There 
is a quantum limitl of Ri = e/hv to detect?r re
sponsivity which corresponds to one tunneling 
quasiparticle for each incident microw':ve J?hoton. 
Experimental results2 at 36 G!-Iz sho\\'11 m F1g. 1 

a responsivity of more than half this quan
ttun value and a shot -noise limited noise-
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Fig. 1. (a) Measured I-V curve of Pb(In, Au) 
alloy SIS tunnel junction at 1.4 K. (b) Measured 
and calculated responsivities of the junction as 
a function of bias voltage. The experimental 
curve is measured with a constant rf source re
sistance which is close to optimum at the peak of 
the responsivity curve. The theoretical curves 
have been comnuted for a constant rf source re
sistance cho~en in each case to minimize the 
rms devi;tions between the theory and the experi 
ment. Although the differences between classical 
and quantum predictions are not generally large 
for our experimental parameters, the latter 
theory does provide a significantly better ov~rall 
fit. One important aspect of quantun theory 1s 
that it averages out the effects of features on 
the I-V curve which are narrow compared with 
hv/e = 0.15 mV. Classical theory predicts a sharp 
(negative) peak in responsivi~y at a bias of 
2.25 mV which is not present 1n the quantum pre
diction and which is not observed. (XBL 798-6875) 

equivalent power of 3xlo-16 w/Hz. This device is 
thus a microwave photodiode with unprecedented 
sensitivity. 

M1en operated as a classical heterodyne mixer3 
at 36 GHz as shown in Fig. 2, the SIS junction 
device gave a single-sideband mixer noise tempera
ture of < 14 Kanda conversion efficiency of 0.15 



(a) PLo = 0 

(/) -c: 
:::> 

>-
'-
0 
b. 

.0 ,_ 

::! 
LL 

> 

0 2 3 4 
V (mV) 

Fig. 2. Static I-V curves are shown above for a 
1.5 K Pb(In, Au) alloy junction (a) without (b) 
with local oscillator power. Plots of IF ampli
fier output voltage in the frequency range from 30 
to 80 !vlHz are shovm as a function of junction bias 
voltage. Curve (c) was obtained with a 50 rz 1.5 K 
load in place of the mixer; curve (d) with a 
rna tched l. 5 K load in front of the mixer; curve (e) 
with a calibrated 36 GHz signal applied to the 
mixer from a Klystron oscillator. Values of mixer 
lilJise temperature were deduced from (c) and (d), 
and conversion efficiency from (e). 

(XBL 789-5821) 

for a local oscillator power of only 5xlo-9w. 
More recent results from junctions with a sharper 
corner on the static I-V curve require quantum 
photon assisted tunneling theoryl for interpreta
tion. This theory predicts conversion gain with 
very low noise temperatures.4 The best results 
thus far are a single sideband noise temperature 
of < S Kanda conversion efficiency of 0.9. 

The promise of the SIS heterodyne mixer is so 
great for radio astronomy that projects to exploit 
it have begun at eight institutions since our 
first results were announced. 

* * -;, 

twork supported by the Office of Naval Research. 
'rPresent address: National Bureau of Standards, 

Boulder Colorado 80303. 
l. J. R. Tucker and M. F. Millea, IEEE Trans. Magn. 
fvL~G-15, 288 (1979); J. R. Tucker, IEEE J. Quanttun 
Elec-tronics (invited paper IP#l26, to be published). 
2. P. L. Richards, T-M. Shen, R. E. Harris, and 
F. L. Lloyd, Appl. Phys. Lett. (to be published). 
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3. P. L. Richards, T-ill. Shen, R. E. Harris, and 
F. L. Lloyd, Appl. Phys. Lett., 34, 345 (1979). 
4. J. R. Tucker, Appl. Phys. Lett. (to be pub
lished). 

4. GRID POL'\RI ZERS FOR INFRJ\RI]) FOURIER 
SPECTROlv!ETERSl-f 

W. A. Challener, P. L. Richards, S. C. Zillio§ 
and H. L. Garvinll 

Fourier transform infrared have 
now become the conventional laboratory 
infrared spectroscopy. Many changes of beam 
splitter are required to cover the far infrared 
frequency range from 5 to 500 cm-1 1vi th the usual 
Michelson Fourier spectrometer. J\ design exists1 
for a Michelson polarizing interferometer which 
uses a wire grid polarizer for a beam splitter and 
thus will operate over the entire frequency range 
of the polarizer. This type of instrwnent has 
been used successfully over the range from 5 to 
100 cm-1 with a free-standing wire grid beam 
splitter. TI1e irregularities in wire separation, 
however, reduce its efficiency at higher frequen
cies. 

We have prepared infrared grid polarizers 
consisting of copper lines with a 3.6 ]Jill grid 
constant on a 4 )Jill thick Mylar polyester substrate 
by the techniques of photolithography and sputter
etching. Their polarization properties have been 
measured and found to be suitable for tGe at 
infrared frequencies below 700 cm-1. These 
polarizers have been used for Fourier Transform 
spectroscopy. The efficiency of the interfero
meter has been measured over the frequency range 
from 50 to 700 cm-1 and compared to that of a 
conventional Michelson interferometer in . l. 
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Fig. 1. Comparison of useful spectral range of 
polarizing interferometer with that of conven
tional Jllichelson interferometer with a 4 )Jill 

beam splitter. (XBL 



The results are shmm to be in good agreement Hi th 
the measured of the polarizers. 

of this 1vork \\'OS supported by ~;\S1\. 

version of U3L-8944. 
address: Departamento de Fisica e 

Ciencia dos rlaterials, Institute de Fisica E 
Quimica de Sao Carlos, 13560 Sao Carlos, Sao 
Paulo Brazil. 

II Address: Hughes Research Laboratories, ]lfalibu, 
CA 90265. 

l. D. II. lllartin and E. Pup lett, Infrared Phys. ~2_, 
lOS (1969). 

RESEJ\1\C:H PLJ\:\JS FOR CJ\LE~DJ\R YEAR 1980 

Surface Spectroscopy. The infrared thermal 
detecfi0i1 techl1ic[lle-C:Tescribecl above for 
the vibrational spectra of molecules on metal 
surfaces will be extended to lower 
to observe the internal resonances of molecules 
larger than CO and to observe the molecule-metal 
vibrational modes. Improved techniques for 
measuring single crystal samples will be ex
plored. 

l\ second approach to this surface vibrational 
spectroscopy problem is to usc a cooled spectro
meter to measure the infrared emission from sur-
faces. Apparatus for this is well 
advanced and development is 
misly. Emission e;oqJeriments 
templatecl have many of the 
thermal detection scheme already in use, but are 
compatible Hith more conventional samples and 
with conventional surface characterization 
techniques such as LEED and spectroscopy. 

One-dimensional conductors. The one-dimensional 
conductor l\TbSe3 shows evi.dence of pim1ed charge 
density waves which can be set into motion when 
sufficient current is passed through the material. 
Measurements of the temperature and magnetic field 
dependence of the resistance show evidence for 
electronic energy gaps whose behavior is not 
understood. Far infrared measurements are being 
made to search for independent evidence of the 
gaps. 

The conclusion from 
our of the cosmic backgrow1el 
radiation was that the spectrum is close to that 
of a black body, but with significant deviations. 
A new balloon is being developed for 
flight in 1980 1vill provide an independent 
test of these apparent deviations. 

Our l-meter aperture balloon is 
being readied for a second flight. This e;oq!eri 
ment is designed to survey the northern sky in 
seven far infrared wavelength bands. Tl1e primary 
scientific goal is to measure the temperature, 
density and distribution of dust in our gala.\.'Y. 

Instnnnent development. TI1e demands of 
infrared surface spectroscopy have revealed some 
weaknesses in our spectroscopic capabilities. In 
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in the 100-400 
interferometer 

order to obtain optimal 
cm-l frequency range, a 
system is being installed 
transform spectrometer. 

in our Fourier 

;\ simple portable adiabatic demagnetization 
system has been constructed and is w1dergoing 
tests. lt will be used to test and operate a new 
generation of ultra-sensitive bolometric detec
tors for both surface spectroscopy and for cos
mology. 

Anomalous effects such as spontaneous spikes, 
saturation, and long time constants are being 
e.\.11erimentally and theoretically investigated in 
Ce:Ga photoconductive infrared detectors. These 
effects now limit all ultra- sensitive applica
tions of this class of detector, includi.ng our 
surface emission spectroscopy. t\hen the detector 
performcmce is understood sufficiently it should 
be possible to test e;oqJerimentally some aspects 
of the theory of photon noise from thermal 
sources 1Vhich were originally proposed by Einstein, 
but not yet tested in detail. 
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1. SURFACE COHERB\JT ANTI- STOKES R/\IvlAN SPECTROSCOPY t 

Chcnson K. Chen, A. R. B. de Castro, Y. Ron Shen, 
and Francesco DeMartini 

The propagation of surface electromagnetic waves 
on solids and their applications have recently 
attracted considerable attention. 1 They have been 
used to study adsorbed molecules and overlayers on 
surfaces, and to probe phase transitions. In most 
cases, linear optics is employed in the excitation 
and detection of surface waves. 

We have demonstrated that nonlinear mixing of 
four surface plasmons can be used to probe the 
Raman resonances of liquids. 2 The process we have 
been studying is surface coherent anti-Stokes 
Raman spectroscopy (CARS). Two surface plasmon 
lvaves at w1 and wz ptopagate on the plane boundary 
between a metal and dielectric meditun with wave 
vectors (kl)ll and (kz)n respectively, parallel to 
the surface. These waves interact on the surface 
via the third-order nonlinearity of the medilUll to 
produce a third-order nonlinear polarization at 
wa = 2w2, which in turn generates a surface anti
Stokes plasmon wave at wa. 

The theory of surface CARS is a straightfonvard 
extension of the theory of nonlinear generation and 

detection of surface polaritons.J The theory pre
dicts that the anti -Stokes output wjJl be strongly 
enhanced if (1) the incoming waves E1 and E2 excite 
surface plasmons at w1 and wz, (2) the su~face an1_i
Stokes generation is phasematched, i.e. (ka)

11 
= 2(Kl)ll 

0'2)
11 

, and (3) wr - w2 approaches the resonance ex-
ci~Jtlon frequency of the dielectric medilUll so that 
xl , the third-order nonlinear susceptibility, is 
enhanced. 

Our experimental arrangement is shown in Fig. 1. 
The Kretschmann confilfration was used to ex£ite 
the surface plasmons. The electric fields E1 and 
E2 were provided by a Q-switched ruby laser, at 
6943 A and a ruby ptunped dye laser (NK 199 m 
acetone), tunable about 7456 A; both lasers had line
widths~ 0.5 cm- 1 and pulsewidths""' 30 nsec. The 
two beams were then directed from the prism side on
to the sample. The anti-Stokes surface wave was 
coupled out through the prism and was collected by 
the detection system consisting of an interference 
filter, monochromator, and photomultiplier. For the 
purpose of signal nonnalization and monitoring of 
the Raman resonance, a bulk CARS experiment on ben
zene was also set up in parallel. 

Our experimental results on surface CARS are pre
sented in Figs. 2-4 in comparison with the theoret
ical curves derived in Ref. 2. Figure 2 shows the 
variation of the anti -Stokes signal as w1 and w2 . 
moves through the 992 cm- 1 vibrational resonance m 

* This work was supported by the Division of Materials 
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Fig. 1. (a) Prism-metal-liquid assembly. Beam 1 
propagates in the x-z plane, beam 2 and the output 
do not. (b) Wavevectors in the glass prism; compo
nents in the x-y plane are phase matched. (c) Dia
gram of the apparatus. IF is an interference filter 
and L is a lens. (XBL 796· 3540) 
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X (3) of benzene; m this case, the input beams were 
properly directed so that both w1 and w2 surface 
plasmons were optimally excited and the phase match
ing condition for surface CARS was satisfied. The 
theoretical curve describing this resonance peak 
was calculated by using a resonance linewidth deter-· 
mined from the parallel bulk 9W measurement. The 
nonresonant contribution to x\. had to be included 
in the calculation to obtain a good fit to the ex
perimental data in the wings. Aside from an ampli
tude nonnalization constant, no other adjustable 
parameters were used in the calculation of all the 
theoretical curves. 

When both w1 and luz beams were fixed in space and 
in frequency, but the prism-sample assembly was ro
tated about they axis, the surf~ce CARS ~ignal 
varied as a result of changing (1<1)11 and (kz)11 ; first 
the resonance excitation conditions of the surface 
plasmons at w1 and wz were changed, then the phase 
mismatch in tne surface CARS was varied. The re
sults are sho"'n in Fig. 3. The peak is dominated by 
the effect clue to resonance excitation of the sur
face plasmons at w1 and w2. The effect of phase 
mismatch is of secondary importance in slightly re
ducing the width of the peale 
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In Fig. 4, 1ve show the results of the surfac~ 
CAR§ signal versus the phase mismatch Llk11 = 12 (kl)ll 
- (kz)11 - (Ka)11 I , where (Ka)11 is the wavevector for 
the surface plasmon at w . In the experi!\!ent, L1k11 
was varied by A changing t~e direction of (kz) 11 through 
variation of kz, while keeping the surface plasmons 
at wl. and w2 still optimally excited. Here, the 
relat1vely large uncerta1nty 1n the experllllental re
sults came from the fact that for each change of 
Llk11, the beams had to be readjusted to optimize the 
beam overlap on the silver film. 

The polarization of the anti -Stokes signal was 
found to be Th! as expected and the s1gnal disappeared 
when the w1 was made TE. With ilk 11 = 0 and both sur
face plasmons at w1 and w2 optimally excited, our 
theory predicted a max~un surface CARS output power 
.:fiJ (wa) = 1.1 x 10- 3~ .c:fl' (lul) .c:fl'(wz) ;w4 erg/sec at the 
resonance peak of xC3J, where W is the incoming beam 
waist. \lhth .fl(wl) = 0. 5 mJ and .fl(w2) = 5 mJ in a 
30 nsec pulse focused to 0. 2 cm2, we predicted an 
anti-Stokes output of 2.5 x lOS photons/pulse. 
From the actually observed signal from the photomul
tiplier, we estimated an output of ~ 2 x 105 
photons/pulse, in good agreement with the prediction. 
The power dependence of the anti-Stokes output on 
.fl (w1) and .:P(w2) \Vas also experimentally verified 

over an order of magnitude in signal strength. When 
e1ther the w1 and wz beam was blocked, no s1gnal at 
wa was detected after more than 10 shots, indicating 
that the signal-to-background ratio in our signal 
was greater than 103. Furthermore, the anti -Stokes 
output was a coherent beam, as expected, with an ex
perimental beam divergence of less than 2 mrad. 

The sensitivity of the surface CARS technique 
with nanosecond pulses is lirnitecl by the maximum 
fluence incident on the film. However, because the 
signal is proportional to .fl 2 (w1) .:P(wz), the sen
sitivity can be greatly improved by use of picosec
ond pulses. Consider, for exaJnple, a 10-psec pulse 
with 10 pJ/pulse focused to a diameter of 400 ).JJn. 
Then, for the benzene-silver-glass system, we 
would expect to find an anti Stokes signal of 

8 (degrees) 

Fig. 3. Intensity of signal vs. angular position of 
prism assembly about the y-axis. 8 is the angle be
tween the direction of beam 1 incident on the prism 
and to the prism normal. (XBL 796- 3539) 

1,5 

; loO 
>-
>... 
0 .... 
~ 

:.0 .... 
.3 

::: 0,5 

"' c 
"' c 

I 

r--::: 
['. 

I--

I 
500 

I I 

-

l 

['... -

~ 
l f:::::--_ 

I I--+--

1500 2000 

Fig. 4. Intensity of signal vs. phase mismatch L\k11. 
(XBL 796- 3538) 

1 x 10ll photons/pulse. This suggests that we 
should be able to detect a submonolayer of benzene 
molecules on silver. 

In conclusion, we have reported the first results 
on a surface nonlinear four-wave mixing experiment, 
in which all input and output waves were surface 
plasmons. Our technique has a surface-specific na
ture and may find potential applications in surface 
science. 
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2. COliERBYI' SECO.N1J Hi-\J{Iv!ONIC GENERATION BY COUNTER
PROPAGATING SURFACE PLASivlONSi-

Chenson K. Chen, A. R. B. de Castro, andY. Ron Shen 

In a bulk nonlinear medium, countc:;r-propagating 
waves will lead to second hannonic 

in all directions. On a surface, be
cause of the required conservation of wavevector 
along the surface, counter-propagating surface 

waves generate second hannonic 
waves only in the direction perpendicular to the 
surface, an effect pointed out earlier. 1 Exper
imentally, on the other hand, second hannonic gen-
eration has generated using counter-propagat-
ing ancl guided 3 waves, but not surface 
plasmons. 

In our e.A1Jerimcnt, surface plasmons were excited 
along a quartz-silver interface in the Kretschmann 
geometry4 as shmm in Fig. la. The second harmonrc 
generation is clue to the quartz nonlinearity. The 
solution of nonlinear Maxwell equations for this 
problem ccm be obtained straightforwardly 
using appropriate boundary 5 

i~(2w) 

p-C2) 

4n(2w/c) 2P(Z) 
AIFI2 ~~---=X~ 

lf!3
2 + (2w/c)

2
E 

q 

2 2 ~ 
X (E + E ) 

11 X Z 

2 

(1) 

(2) 

where components of the surface 
plasmom at interface, F is a Fres-
nel coefficient, s is the dielectric constm1t of 
quartz, A is the b~am overlap area, and XH is the 
nonlinear susceptibihty of quartz. 

is sh01m in lb. 
pumped by a switched ruby laser pro--

duced 7 mJ, 20 nsec laser pulses at a rate of 10 
pulses/min. The laser wal tuned to 7456 A with a 
linewiclth less than 1 em- and was linearly polar
ized in the x - z plane. The silver filJn, 500 A 
thick, was evaporated on the quartz crystal. A 
layer of o:-bromonaphtalene provided optical contact 
between the Schott SF-10 equilateral prism and the 
silver film. 

The results arc sh01m in Fig. 2 in 
The observed maxiJnum in the 

occurs, as , at the 
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Fig. 1 (a). The srunple assembly. (b) Block diagram 
of the e.A1JeriJnental set-up. F is a 10 em long cell 
with saturated solution of CuS04 in water. 

(XBL 797-6702) 
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Fig. 2. Second harmonic intensity versus e. G j_s 
defined in Fig. 1 (a). (XBL 797-6701) 

angle where the counter-propagating surface plasmons 
were optimally excited and the Hidth of the peak is 
approxiJnately the width of the surface plasmon ob-· 
served in attenuated total reflection (ATR) measure-
ments. The theoretical curve was calculated from 



Eq. 1 using Fresnel coefficients deduced from a fit 
to our ATR spectra. Apart from a normalization con
stant, it has no adjustable par@neters. The agree
ment between experiment and theory is good. 
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We also verified that the second harmonic signal 
propagated as a highly directional beam with a diver
gence of ~1 mrad, and was linearly polarized along 
x. It disappeared when either of the laser be@ns 
was blocked, or made transverse electric (so that 
surface plasmons were no longer excited), or when the 
quartz crystal was replaced by a glass substrate. 

For the conditions of our exper~1ent, Eq. 1 pre
dicts an output of ~ 2 x 104 photons/pulse, while '4e 
estimate the measured signal to correspond to ~ 10 
photons /pulse. 

The effect may be used to study second order non
linear optical properties of thin crystalline films. 
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3. fvlEASUREMENT OF REFRACTIVE INDICES AJ'ID STUDY OF 
ISOTROPIC-~~TIC PHASE TRANSITION BY THE SURFACE 
PLASMON TECHNIQUEt 

Kung-Chao Chu, Chenson Chen, and Y. Ron Shen 

We have used the surface plasmon technique to 
measure the refractive indices of l~quid crystals 
with an accuracy better than 1 x 10- . We have mea
sured the refractive indices of the liquid crystal-
1ine material 4-cyano-4' -pentylbiphenyl (PCB) as 
functions of temperature, particularly in the region 
near the lSotropic-nematic phase transition. Because; 
of the high sensitivity of the technique, we were 
able to probe the phase transition in great detail. 
We have found coexistence of the two phases, a hys
teresis effect of the transition, and supercooling 
cmd superheating in a temperature range of 60 mK 
around the nominal transition temperature. That 
surface plasmons can be used to probe phase transi
tion Has proposed earlier by Agranovich.l Our exper
lrnent here is the first demonstration of his idea. 

We excited the surface plasmon2 on a metal-dielec
tric interface by the Kretschmann method using a 
dielectric-metal film-prism configuration. The laser 

be@n with a TM-polarization is directed onto the 
Inetal-liquid crystal interface through the prism side, 
and the reflected be@n is measured. 

[n our experiments, we used a cw Nd:YAG laser at 
l. 06 lllll· The sainple assembly was composed of a 
prism with n = 1. 8117, an evaporated film ( ~ 450 A) 
of gold, arid a ~ 100 lll11 layer of liquid crystal PCB 
sandwiched between the gold film and a glass plate. 
The sample assembly has a long-term temperature 
stability of better than l mK. 

Typical reflect1vity curves against the angle 
between the incident be@n and the interface normal 
at T < Tc and T > Tc are shown in Figs. l(a) and 
l (c). The solid curves on the figures were theoret
ical curves by a nonhnear least-square fit progr@n 
using the refractive 1ndex of the liquid cyrstal as 
a parameter to be deduced. The values of the opti
cal constants and thickness of the gold film, re
quired irT the calculation, were on the other hand 
der1ved from a reflectiv1ty curve in the isotropic 

-<ll 
0:: 

Ob-~--J-~~~--~--L-~~~~6-~ 
58 60 62 64 66 

Angle of Incidence (degrees) 

F1g. 1. Reflectivity vs. angle of incidence 8. The 
solid curves are theoretical curves obtained by 
nonlinear least-square fitting. (XBL 797-6535) 



phase, the refract1ve index of the liquid crystal 
being knmv11 from a separate cr1t1cal-angle measure
ment. 

In the nematic phase, the liquid has t\vo 
refractive components: nr and flJI , perpendicular and 
parallel, respectively, to the direction of alig11-
ment fl. \Ve deduced these components from measure
ments ,,,i th different liquicl-c;rystal alignments by 
the usual surfactant method._o The accuracv of 
these n values is ,;:; l x 10-3 as checked , our 
separate measurem4nts of n1 ancl n11 1vith criti-
cal-angle method. 

The most interesting aspect of the surface plas
mon techmque is Its ability to probe the phase 
transition in detail. By raising or lowering the 
temperature of the sample m milllclegree steps, we 
found that there was a ~ 60 mK transition 
where the isotropic and nematic phases 
Two reflectivity dips showed up in the reg1on, as 
shown in Fig. l(b); one corresponded to the nematic 
phase at ~ Tc and the other to the isotropic phase 
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at ~ Tc. Their positions remained unchanged as the 
temperature vaned, but their relative magnitude dlCl 
change. As seen In Fig. l(b), the double-dip reflec
tiVity curve can be fit very well by the theoretical 
ex-pression R = xRisotropic + (1- x) rNematic, where 
x is the fraction of the medium in the Isotropic 
phase, and Rrsotropic and RNematic are evaluated at 
~ TC' With decreasmg temperature, the nematic d1p 
grew in strength while the isotropic clip gradually 
disappeared, and vice-versa for mcreasing temper
ature. In Fig. 2, the results of how x varies with 
temperature in the transition region are shown with 
the temperature change in one direction and then the 
other. There is a clear hysteresis effect, charac
teristic of the first-order transition. We can de-
fine the mid-point of the hysteresis as the 
transition temperature Tc, and the of the 
hysteres1s loop as the supercooling-superheat1ng 
range. We bell eve th1s is the first time such a 
hysteresis loop for the nematic-isotropic transition 
has ever been measured. We also worked out a diffuse 
droplet model of nucleation to give a correct order
of-magnitude estimate on the supercooling and super
heating range. 
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Fig. 2. Fraction of 1sotropic phase as a filllction 
of temperature in the transition 
and cooling exhibit the hysteresis 
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4. POLAR I Zi-\TI ON- SENS lTIVE COID:REl'H A1~'T I- STOKES 
1~\J';lJ\J'l SPECTROSCOPY: 

Jean-Louis Ouclar, Robert W. Smith, andY. Ron Shen 

In recent years, a number of coherent nonlinear 
optical spectroscopic techniques have been developed 
that have clear advantages over spontaneous scatter
Ing tedmiques when high resolution is required, 
and/or when fluorescence or thermal racl.iative enns
sion i_s strong. Most notable of these nonlinear 
teclmiques LS coherent anti--Stokes Ram<cm spectro
scopy (CARS) which is a widely accepted teclmique to 
study vibrational modes Ln both molecules and solids. 
However, CARS has a rather li_mitecl 
tecting weak resonances, clue to the strong 
ground from the nonresonant nonllnear contributi_on. 
The or source of noise comes from fluctuations 
1n power or the mode structure of the input laser, 
thus masking small resonant sig11als. Variations of 
the bas1c CARS scheme have been proposed to suppress 
this backgrolmd but they make use of a third 1nput 
beam so that lasers arc needecl.l,Z We describe 
a simple polarLzat1on arrangement that allows con
tinuous CARS spectra to be taken with only the usual 
two input lasers. 

, Akbmanov et al. :s have shown that ellip
sometric measurements of the anti-Stokes beam in a 
CARS ex--periment co.n yield information on the 
sion of nonlinear susceptibil.i.ty w1th high accuracy. 
However, it is a tedious procedure i.f the ellipsom-

is to be perfonned over the entire spectrum, 
by point. 

In our arrangement CARS spectra are taken directly 
and continuously with the nonresonant backgrolmcl 
eliminated and considerable improvement in the detec
tion of weak Raman resonances. In adell tion, by ad-
nnxJng the resono.nt contribution w1th a controlled 
(and properly phase-shlftecl) proportion on the non
resoncmt part, we can obtain spectra which are linear 
in either the real or the imo.ginary part of the res
onant susceptibility. 

two input beams at 
m an isotropic medLUm along the 
is pol an zed alon& x and 

at an cmgle c'p w.i.th x. The 

and_ Luz 
ax:Ls. 

along a 



~' polarization, P, at frequency lJ3 = 2w1 -
have components along x cmcl y which arc 
the 1nput fields through the third order nonlinear 
susceptib1lity, Xijk.Q,· In.an isotropic mecli~n Px 
1s determmed by Xxxxx' wlnlc by Xxyyx· he ccm 
clescr1be the nonllnear J_n tenns of a 
resonant (clispers1ve) part and a nonresonant (non
dispersive backgrow1d) part, wluch lead to distinct 
contributions to P. In Bur teclmique \ve exploit the 
fact that in general XMZ /)'NR cfc XR /xR 

' '"-'YYX 'XX::;::X 'XVYX XXX.)C 
(NR ~ nonresonant, R ~ resonant). The· 1:'~1tios are 
not equal because l'TR derj_ves its synunetry from the 
macroscopic medium, whereas has its synnnetry 
d~ker~~ned by khe Rcnna_lhm_ocles. +!\lie.· conclude that 
p1\J /P * pRjpx' i.e. P" and p'<- are not coll inmr 

established that the two contributions to the 
nonlinear polarization have different di.rections, we 
can easily use polarization analysis to separate 
them. 
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The s1mplest way to take a polarlZat*on-scnsltlve
CAHS (PS~CARS) spectrum 1s to null out pNR As ull ~ 
wz is scanned across the Raman , the signal 
will be proportional to only I the back~ 
ground suppressed. Usually it is necessary to intro
duce both a linear polarizer and a quarter-wave 

to achieve the best extinction of the back~ 
ground. Sensitivity now is limited only by the 
achievable extinction ratios. 

If the polanzer is uncrossed by a small angle 8 
the signal will be !Jroportiona~ to 
[epNR + pR[L" [ePH[!+2Re(OPl'iRpR), if [ePNR[}>[PR[. 
By l:flcrossing the linear polarizer, the real part 
of P ', is displayed, \·ihile uncrossing the quarter 
wave plate displays the part of pR 

8 -+ i8). Jn all cases the part of the si 
rej by the is predominantly clue to 
I P NR I , lvhich a convenient noncUspers i ve 
reference si 

To illustrate these possibilities, we have per~ 
fonned a CARS experiment with dilute mixtures of ben

tetrachloride. Two flashlcnnp-ptrrnped 
were used to provide the two tunable in~ 

put becnns of peak powers ~ 5 kW each. The polariza~ 
tion of the luz beam could be rotated with respect to 
that of lu1 by a half ~wave Fresnel rhomb. Figure l 
shows spectra taken of the 992 cm~l Raman modes of 
0.1% benzene (by volwne) in carbon tetrachloride. 
Figure l (a) shows the backgrow1el suppression spcctnun 
and Figs. l(b) and (c) show the Jmaginary and real 
parts of the resonance. 

In conclusion, these spectra clearly demonstrate 
the of PS-·CAP.S for the detection of weak. 
or dilute Raman modes. With our setup, the detection 
limit of benzene concentration in CCX,4 was Z x 10-4 
usi_ng the 992 cm- 1 Ramcm mode, \vhich is at least one 
order of magnitude improvement compared to other co~ 
hercnt Rcunan teclmiques. 5,6 With the usc of more 
pmverful lasers, such as Nd: YAG ptunpcd dye lasers in 
the 100 kW ~ 1 M\Y range, the detection li.mi t should 

990 995 1000 
Stokes shift (cm-1) 

Fig. l. PS-CARS spectra of 0.1% (by voltune) benzene 
in carbon tetrachloride (a) background suppression, 
(b) and (c) interference between a small fraction of 
the coherent background and the imaginary part (b) 
or the real part (c) of the Raman contribution. 

(XBL 791~5629). 
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be less than 10 ~::,, r:1a t is 10 ppm for molecules with 
scattering cross~sections similar to that of benzene. 
This technique should also be very useful in the case 
of gaseous media where the nonresonant bad::grow1cl non
lincanty also constitutes a major obstacle to the 
detection of small concentrations of a given 
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5. DYNAMICS OF RESONANT STRONG Il''rrERACTION OF LIGHT 
WITH AT0~1S AND MOLECULES-I-

Aasmund Sudb¢ andY. Ron Shen 

We have developed a formalism for calculations of 
dynamics of resonant interaction of strong radiation 
with matter. The development is guided by the real
ization that such problems can be fonnulated as a 
set of eigenvalue equations, and cm1 then be solved 
numerically with available computer software. 

Briefly, the approach is as follows. We consider 
the problem of strong interaction of a monochromatic 
radiation with an N-levcl system. Using density ma
trix formalism, the dyncunical ~esponsc of the system 
can be described by a set of N first-order clifferen-

equations, which form an eigenvalue problem of 
dimensions. In various physical situations, dif

ferent approximations can be made to reduce the di
mensionality. The eigenvalue problems can then be 
solved on a computer and the time constants of the 
dynamic response can deduced. 
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Fig. 1. Fraction of population in the 2sl/2 (m = 1/2) 
state, after a long laser pulse excitation, tuned to 
resonance, as a function of the ratio of left cir
cularly polarized amplitude to right circularly 
polarized amplitude, E- /E+. (XBL 799-11279) 

We have used the method to calculate the dynamics 
of optical plllnping of the sl/2- p3/2 transition in 
an alkali atom. There arc srx states (neglecting 
hyperfinc structure) involved in the optical pLUnping, 
giving rise to a 36-element density matrix. The 
solution should give the populations in the six states 
as a function of time. We deduce, for simplicity, only 
the smallest time constant for the dynamic response 
which basically tells us how rapidly the atoms can 
be oriented by the optical pumping. Figure l shows 
the steady state population in the sl/2 (m 1/2) 
state, after resonm1ce pumping by a long laser pulse, 
as a function of the degree of circular polarization. 
In Fig. 2, the smallest time constant is plotted as 
a function of the laser field amplitude. It shows 
that the optical pumping speed increases rapidly 
with increase of laser intensity as expected, but it 
saturates at a certain value. Finally, in Fig. 3, 
the smallest time constant is shown as a function of 
detuning from resonance at several laser intensities. 
As expected, the optical pLUnping speed drops off 
quickly with increase of detuning, but the effect is 
less with higher laser intensities because of opti
cal Stark broadening. 

* * * 

-!-Brief version of LBL-9796. 
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6. lYIULTI- PHOTON DISSOCIATION OF MOLECULES 

Aasmund Sudb¢ and Y. Ron Shen, in collaboration 
with Yuan T. Lee's group 

Sec Section on Molecular Beam Laser Isotope 
Separation. 

RESI:N{C!! PLJ\:\S FOR CALENDAR YEAR 1980 

of surface CARS as a spectroscopic 
evaluated. First, 

of its application on absorbing and 
fluorescent materials will be tested. It is expect
ed that both the Rcunan spectra and the two-photon 
absorption spectra of fluorescent dye molecules in 
solutions can be measured. Second, application of 
the technique to thin films will be tried. In par-
ticular, the possibility of surface acous-
tic waves will be cons1dered. , we will use 
p1cosecond mode-locked laser pulses, which should 
have the sensitivity of detecting monolayers of mol
ecules on metal surfaces. Such sensitivity will be 
tested experimentally. 

Resonant four-1vave mixing as a new nonlinear 
spectroscopy technique will be studied theoretically 
and Doubly and triply resonant 
cases are the main subject of investigation. The 
possibility of using the technique to reduce inhomo
geneous broadening and to measure transitions be
tween excited states, the transition matrix elements, 
and the rclaxati.on lifetimes will be considered. 
Rare earth ions in solids will be the material sys
tems to try out the spectroscopy technique. 

T\vo-photon optical punping in solids will be in
vestigated experimentally. The results will be com
pared with those obtained from one-photon optical 
punping. M1ile the latter may suffer from the sur
face quenching effect, t\vo-photon optical punping 
is a pure bulk effect. Spin relaxations of electrons 
and excitons in the bulk can be deduced from our re
sults. 

A mode-locked laser system with picosecond pulse 
output tunable over a frequency range from ~ 0. 26 lJ 
to ~ 4 lJ will be built. It will be used for studies 
of chemical dynamics, transient four-wave mixing, 
and dynamics of excitations in solids. 

Collaboration with Prof. Y. T. Lee's group on 
laser-molecular beam interaction is being continued. 
Innnediate problems to be investigated are the multi-· 
channel, multiphoton dissociation of molecules, the 
resonant effect of one-photon predissociation of mol
ecules, and the measurement of rotational energy dis
tribution of laser-induced fluorescence. 

Surface plasmons will be used to study optical 
properties of materials, in particular, the refrac
tive indices and phase transitions in liquid crystals. 
The project is partially supported by the National 
Science Foundation. Thin films of materials can be 
studied by this technique because of its great sen
sitivity. Consequently, the problem of how the phase 
transition characteristics change from three-dimen
sional to two-dimensional as the film decreases can 
be thoroughly 
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c. Excited Quantum Fluids in Solids* 

Carson D. Jeffries, Investigator 

Introduction. When light strikes a cold 
semicondt!ctor ~for example Ge or Si, the excited 
electrons and holes quickly combine to form free 
mobile excitons (FE) and even multiexciton com
plexes; the free biexciton in Si, for instance, 
has been observed. These quasiparticles are 
bosons; a bose condensation has been predicted by 
theory, but there is as yet no clear experimental 
evidence for this. Not predicted by theory was 
Pokrovskii 's discovery that the exciton gas makes 
a first-order condensation into a Fermi liquid: 
electron- hole droplets (EI-lD) which are metallic 
and mobile. This transition has many of the 
classical aspects of the water vapor-fog droplet 
condensation. However, the medium of the El-lD is 
a novel state of matter: in pure Ge it is a cold, 
dense, multicomponent, ~nisotropici compensated 
plasma of constant dens1ty (2 ' 10 7 electrons 
and holes per cm3). This liquid is a collective 
excited state of the crystal lattice with a life
time of lo-4 sec and is the first example of a 
Fermi liquid in a periodic lattice. We have 
studied in detail many of its properties: the 
nucleation process; motion and diffusion of drop
lets; confinement of sizeable volumes of the 
liquid in potential wells of crystal strain; mag
neto-oscillatory phenomena; unusual magnetic 
properties: Alfven wave dimensional resonances; 
lifetimes, decay mechanisms and phonon interac
tions in stressed and unstressed crystals; 
optical hysteresis and memory; droplet surface 
tension; compressibility of the liquid. These 
experiments are being extended, and we are also 
investigating the closely related Mott metal
insulator transition, as well as properties of the 
free excitons. 

1. LIFETI~lli AND DIFFUSION OF FREE EXCITONS IN 
Ge r 

James C. Culbertson, Robert M. Westervel~r and 
Carson D. Jeffries 

Although the electron-hole liquid is more 
complex and varied, both in the phenomena observed 
and in the required theoretical treatment, the 
single free exciton (FE) in Ge has several 
properties not yet understood: The observed life
times (2 to 10 lJSec) are 3 orders of magnitude 
shorter than the theoretical radiative decay 
lifetime, whereas the liquid lifetime is in reason
able agreement with theory. It is fairly clear 
that non-radiative decay modes involving, for 
example, dislocations, surfaces, and neutral im
purities are important factors in FE decay, and 
it is our objective to measure and differentiate 
experimentally these various contributions to the 
FE decay and provide a quantitative explanation 
of the lifetimes. We are measuring the bulk FE 
lifetime Tex' the FE diffusion constant D, and 
the surface recombination velocity S using the 
experimental arrangement of Fig. r.l A large 

work was supported by the Division of 
~1aterials Sciences, Office of Basic Energy 
Sciences, U.S. Department of Energy. 
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Ge 

Laser 
Stripe 

Fig. 1. Experimental geometry. A stripe of 
radiation from a GaAs laser diode is pulsed onto 
an ultrapure SxSx4 mm3 Ge crystal at T = 4.2 K. 
The luminescence from the side of the crystal is 
then analysed by a spectrometer, using time 
resolution. (XBL 7912-13286) 

ultrapure crystal of Ge Sx8x4 mm3 is excited by a 
pulsed GaAs laser diode focused in a stripe. The 
FE luminescence from the side of the crystal is 
analysed by a spectrometer. Spatial profiles of 
FE luminescence intensity along the coordinate 
x are obtained by scanning the image past the 
spectrometer slit; time resolution is obtained by 
observing the luminescence of various time delays 
following excitation. The total luminescence from 
FE at 709 meV and E!-lD at 714 meV is recorded. 
Care is taken to select FE spatial profiles only 
after the EHD have evaporated. This avoids the 
complication of thennionic emission of FE from 
EI-lD. A temperature T = 4.2 K is used. 

Luminescence instensity profiles at various 
times up until the first FE spatial profile taken 
are shown in Fig. 2 for a large dislocation-free 
crystal of Ge. The Et!D are produced and remain 
near the front surface; they have essentially all 
decayed when the first FE scan is taken. 

TI1e total FE luminescence intensity for this 
unetched, dislocation-free crystal, Fig. 3(a), 
shows a lifetime -27 ys. A smaller sample from 
the same crystal boule was measured earlier to 
have a 7 !JS lifetime. This strongly suggests that 
surface recombination plays an important role in 
decay. Fig. 3 (b) displays spatial profiles of FE 
luminescence intensity for the same sample. FE 
are seen to diffuse into the crystal from the 
excitation surface, indicated by the arrows on the 
right, to the interior of the crystal, the con
centration being pulled down near the surface by 
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Fig. 2. Spatial scans of HID (709 meV) 
luminescence intensity (a-c) at times up to 12 ps, 
when the first FE profile is recorded. All pro-
files are to the same scale. (XBL 7912 -13288) 
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Fig. 3. (a) Decay of FE and HID hnninescence 
intensity for an 8x8x4 lllln3 unetched dislocation
free Ge crystal with impurity NA-ND~ 10ll/cm3. 
(b) FE luminescence intensity spatial profiles 
from 13 ps to 80 ps after laser excitation. The 
excitation surface is indicated by the arrows at 
the right. The FE are seen diffusing toward the 
back surface indicated by the peaks at X = 4 mm, 
where internally reflected light is escaping 
through the comer of the crystal into the spec
trometer. 

[(a) XBL 7912-13289; (b) XBL 7912-13291] 
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surface recombination. The peaks at the left 
x = 4 nun occur at the back surface of the crystal 
where internally reflected FE luminescence escapes 
through the comer into the spectrometer. These 
are the first experiments to yield such long 
lifetimes for FE in Ge and, in addition, to show 
spatial resolution. 

We use a model of FE diffusion, with acoustic 
phonon-FE scattering being the responsible mech· 
anism, and a phenomenological boundary condition 
J(surface) = Sn(surface) to account for surface 
recombination. This boundary condition states 
that the FE current, J(surface), into the surface 
is proportional to the FE density, n(surface), at 
the surface. S is called the recombination 
velocity. 
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2 3 Values of D ~ 300 em /sec, S ~ 3 x 10 em/sec and 
Tex ~ 30 )JS appear to fit the data nicely. This 
value of D is about four times smaller than pre
vious values.2 

TI1e results of the same experiment on an 
unetched Ge crystal 8x8x4 mm3 with ~ 350 dislo
cations/ cm2 is shmvn in Fig. 4. A lifetime on the 

•-FE 
·-EHD .. 

4.2 K 

-> 
E 

order of 6 vs is observed, the shortness 
attributed to FL recombination on dislocations. 
The other parameters appear to be about the same 
as in the dislocation-free sample. 

With these data and results from further 
experiments, the actual dependence of the FE 
lifetime in bulk Ge on the features of the crystal 

can be detennined. T1le ultimate goal of the 
project is the matching of eA.j)erimentally deter
mined FE lifetimes in Ge to theoretical1v calcula-
ted values. ~ 

Dr. Eugene Haller kindly provided tl1c Ge 
crystals used. 

* * * 
·:·Brief version of LBL- 8592. 
fPermanent address: Division of Applied Sciences, 
Harvard University, Cambridge, MA 02138. 

l. J. C. Culbertson and R. M. Westervelt, Bull. 
Am. Phys. Soc. 24,342 (1979), LBL-8592. 
2. Ya. E. Pokrovskii and K. I. Svistunova, Fiz. 
Tverd. Tela. 13, 1485 (1971), [Sov. Phys.--Solicl 
State 13, 1241(1971) ]. 
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2. EXPERIMENTAL LIMIT ON THE NET Cfll\RGE OF 
ELECTRON-HOLE DROPS IN Ge 

Robert M. Westervelt,'f James C. Culbertson and 
Carson D. Jeffries 

It has been predicted that Ef-ID in Ge have a net 
electrical charge.l Experiments performed up to 
now2 are in disagreement with each other as to the 
sign and magnitude of the charge. One experimen
tal difficulty has been that the EHD must move 
distances ~100 pm within ~40 ps before the El-ID 
decay in order for the motion and thus the charge 
of the El-ID to be measured in an electric force 
field. 

An experimental setup which bypasses this 
difficulty has been devised3 as shown in Figs. l 
and 2. In Fig. 2 a 1.52 pm wavelength source 
volume excites the free exciton (FE) gas. Due 
to a hysteresis in the formation of EriD, the in
tensity of this 1.52 pm light can be adjusted to 
be low enough to prevent EI-ID from being formed 
and at the same time high enough that any EI-ID 
already created will remain. With the l. 52 pm 
light source so adjusted a momentary stripe of 
Ar ion laser light on the crystal creates a stripe 
of HID in the crystal. The strip of El-ID remains 
and can be studied over periods of hours as opposed 
to 40 ps. 

To get the spatial profile of the EHD, the 
output lens is translated perpendicular to the 
spectrometer slit, thus translating the image of 
the Ef-!D luminescence from the crystal across the 
slit. 

To detennine the net electrical charge or a 
limit of the net electrical charge on the EHD, 
we compare spatial profiles of EHD luminescence 
taken before and after a potential difference is 
applied across the ohmic contacts of boron im
planted on the crystal. If the peak of the HID 
luminescence is seen to translate, the net charge 
on the EHD can be determined. If the EI-ID are not 
seen to move, a limit on the net charge of the 
HID may be obtained from the signal-to-noise ratio 
and the optical resolution. 

Input 
\ens 

He cooled 
sample Dewar 

I 
Output 

lens 

Mechonica I 
Chopper 

tJ 
Detector 

Fig. l. Experimental apparatus. The output lens 
can be translated perpendicular to the paper and 
perpendicular to the spectrometer slit, genera
ting spatial profiles of EI-ID luminescence. 

(XBL 7912-13284) 
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Volume 

Boron 

Momentary laser 
stripe excitation 

I 

implanted ~.---------+--+------' 
electrical 
contact -X 

H 
lmm 

; ' 
' ' I l 

f ~ 
to lens 

Top view 

Fig. 2. Excitation and luminescence collection 
geometry to scale showing spatially-unifonn gas 
of free excitons (FE) and localized packet of 
electron-hole drops (EI-!D) (XBL 7912-13285) 

Figure 3 shows data taken in this manner. Each 
trace represents 16 minutes of accumulation in a 
multichannel analyzer. The top trace is the EHD 
luminescence profile before applying any fields. 
The bottom profile was taken while 10 ps pulses 
of 80 V were applied every millisecond between 
the boron contacts on the crystal. The crystal 
is an Sx8x4 mm3 ultrapure Ge with contacts 
8 mm apart. The contacts were made by implanting 
boron into two opposite crystal faces, then 
annealing the crystal to repair crystal damage 
caused by the implant process. Finally, inclitun 
foil was attached to the implanted surfaces with 
a eutectic and wires attached to the inclitun. No 
motion is seen. This e:;qJeriment thus sets a limit 
on the net che:xge on the El-!D. 

Et!D are believed to be bound on impurities with 
a binding energy BE ~ 7 meV. TI1e binding energy 
is observed to be independent of drop size except 
for very small drops. This suggests the impurity 
can be any•where within the EHD as long as it is 
further away from the surface than a surface 
thiclmess. The data in Fig. ~ 1 ~ndicate that for a 
force F IZieE = IZI (1.6 x 10 · Nt) the EI-ID do not 
become dis lodged, so F = I Z I eE < BE/ 6X. This pro
vides a limit on IZI < (BE)/eE6X"" 20 electrons. 
llle conclude that the charge on a drop is Ze = (0±20)e. 

It is necessary to check that the 10 ps, 80 V 
pulse is sufficient to move the Ef!D away from the 
vicinity of its binding site. TI1e terminal drift 
velocity of the HID is Vel = Fcp/ill 1vhere ~ 2 x 
lo-9 sec is the carrier-phonon time' 
M is the inertial mass of the 0. 2 pm drop 
and F = ZeE. Using me = . 58 m0 , ;,lh = . 35 mo, we 
find Vel ~ Sxl04 em/sec per net electron charge on 
the EI-ID. For a 10 ps pulse the EIID would move a 
distance Vel (10 ps) 5 nun per net electron charge 
on the drop. Since the resolution of Fig. 3 is 
~ 50 pm we conclude that the observed limit on the 
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Fig. 3. Spatial scans of EJ~m luminescence 
intensity before (above) and after (below) apply
ing 10 ws pulses of 80 volts across the 8 mm wide 
crystal. The peak is not observed to move, indi
eating no net charge on the drops. 

(XBL 7912-13283) 

charge is accurate. It must be emphasized that 
this is the net charge on a drop and its surround
ing free carriers. We expect that if the drop 
were charged it would attract a compensating 
charge cloud. TI1is e:Al)eriment will be improved 
and a lower limit set on the drop charge. Our 
conclusions are significantly different from 
those of other workers. 

Dr. Eugene Haller kindly provided the Ge 
crystal with the ohmic contacts. 
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3. THE !v!ETAL- INSULATOR TRAt'JSITION IN UNIFORMLY 
STRAINED Get 

Ivar Balslev,'i' Jolm E. Fumeaux and 
Carson D. Jeffries 

Luminescence studies of the FE-EHL phase diagram 
in Ge are believed to show an additional structure 
displaying some aspects of a Mott type metal
insulator (M-I) transition.l However, pre-exist
ing data have not been very convincing. TI1e lat
est theoretical model for the system of excitons 
of density nx and dissociated pairs of density 
nf leads to an ionization catastrophy, typical of 
aM-I transition, as was first shown by Balslev.2 
This is illustrated in Fig. 1 where the ionization 
fraction n = nrlnx is plotted vs. the total den
sity of pairs nt = ne nX for various temperatures. 
It can be seen that at low temperatures there is 
a bistability region where there are three solu
tions: two stable solutions and one unstable 
solution. At higher temperatures there is only 
one solution and the bistability region is gone. 
The absolute limits of this bistability region are 
defined by the singularities in dn/dnt.3 

-3 
IO IOL1:;-1 ---1-'-0;-;;-12 ____ 101,-13;-----1-'-0;-;14 ____ 10~175 __ ____JI0 16 

DENSITY, n1 (em -3) 

Fig. 1. Predicted ionization fraction n vs. total 
density nt for Ge[l,l], curve: a) T = 3 K; 
b) T = 5 K; c) T = 7 K. (XBL 796-6479) 

In order to gain more information about this 
bistability region and M-I transitions in general 
we decided to study highly excited, uniformly 
stressed Ge. (TI1is is explained more completely 
in the full version of this report.) By applying 
16 kgf/mm2 to our sample we were able to change 
the electronic configuration from Ge[4,2] to 
Ge[l,l], where the lower EI-!L critical temperature 
Tc = 3. 5 K and critical density nc ~ 2 x 1016 cm-3 
allows easier experimental access to temperatures 
above the EHL critical point, where one can hope 
to observe only aM-I transition, since the EI~IL 
phase will not be coexistent. 

Data obtained for 0.07 W of laser light 
absorbed in the sample are shovm in Fig. 2. Dots 
correspond to data points, and the smooth curves 
are calculated free exciton luminescence lines, 
which approximately fit the data. At 0.07 W ab
sorbed the fitted temperature of the FE gas was 



fow1el to be essentially the same as the l-Ie bath 
temperature. At 2.19 K the EllL line at 700 meV is 
also observed (Fig. 2a); however, at 3.15 K 
(Fig. 2b) this line is very weak, and at 4. 2 K 
(Fig. 2c) is nonexistent. Thi.s is the expected 
behavior for the EHL phase 1vith a critical temper
ature of 3. 5 K. 'f11is figure sh01vs that in 
stressed Ge [l, 1] it is possible to plmlp the sample 
1vi thout producing the usual EI IL. This situation 
thus al1ows for a search for the M-I transition. 

111is is clone in . 3 where data for higher 
absorbed power, 0. 28 , are sh01m with clots and 
smooth curves as for Fig. 2. ;\t this absorbed 

considerable heating, 2 to 3 K, is evident 
the exciton gas. Further, a new broad line, 

which we interpret as being due to the 
density phase of a ]I!- I transition, is at 
701 meV. 'l11is line shows very little temperature 
dependence. 
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Fig. 2. Lwninescence spectra with P fl = 0 . 0 7 W. 
'I11e clots represent data points and the smooth 
curves are exciton lines which approximately fit 
the data 1vith a slit 1viclth of 0.4 meV and 0.6 meV 
of Gaussian broadening. The large tick at 701.8 
meV shows the low energy edge of all the exciton 
lines. a) He bath at 2.19 K; exciton lineshape 
at 2. 5 K. Notice characteristic HID lluninescence 
at 700 meV. b) I!e bath at 3.15 K; exciton line
shape at 3 K. c) He bath at 4.25 K; exciton line
shape at 4 K. (XBL 796-6474) 
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We interpret the lwninescence line at 701 meV 
shovm in Fig. 3 as being clue to free pairs a 
process of elmination. The line cannot be to 
El-!L since it has the wrong temperature dependence 
and exists above the critical temperature for the 
E!IL. It is very tmlikely that the line is clue to 
larger complexes such as biexcitons. Biexcitons 
have the largest binding energy of these complexes, 
but this energy is still approximately equal to the 
temperature, and they should therefore be completely 
disassociated. 

Because the line at 701 meV is spectrally 
resolved and appears only at high pump powers, we 
interpret the line as clue to the high density 
phase of aM-I transition. Since the strain is 
not homogeneous in this experiment it is not 
possible to fit this line. However, the shape 
does give good qualitative evidence that our in
terpretation is correct. The line is broad with a 
pronounced low energy tail . Tnis shape can be 
understood qualitatively by assuming a nonuniform 
plasma: the emission from dense regions is broad 
and at low energies (large band renormalization), 
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Fig. 3. Luminescence spectra with Pa = 0.28 W. 
All s~nbols and parillneters as in Fig. 2 except 
temperature. a) He bath at 2.1 K; exciton line
shape at 4 K. b) He bath at 3.15 K; exciton 
lineshape at 6 K. c) He bath at 4.25 K; exciton 
lineshape at 7 K. Notice the temperature inde
pendent resolved peak at 701 meV which is inter
preted as being due to the high-density metallic 
phase of aM-I transition. (XBL 796-6475) 



\vhile emission from less dense regions is narrower 
and at higher energies. To conclude, it is be
lieved that these data present clear evidence for 
the l\1-I transition in Ge[l,l] for the first time. 

* * * 
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4. BUILDUP OF THE STRAIN-CONFINED ELECTRON-HOLE 
LIQUID-I" 

John E. Furneaux and Carson D. Jeffries 

Once it has been established that the strain
confined electron-hole liquid (SCEHL) existed,l it 
was decided to investigate its fonnation process. 
The most appropriate experimental technique for 
initial investigations was Alfven wave resonance 
studies. This technique can very effectively probe 
quite small volumes of SCEHL and has good time 
resolution c~o.l ~s) due to the inherent speed of 
the microwave receiver. 'The experimental appara
tus is pictured in Fig. 1. The laser was mounted 
on a precision x-y translation stage so the depen
dence of the buildup on laser pump position could 
be determined. A quartz lens was mounted on the 
tail of the Dewar, and the laser was positioned 
under the Dewar such that the 0. 4 rmn x 0. 4 mm 
laser surface was focused onto the germanium 
sample surface with a magnification of 1. This 
calibrated the movement of the laser with the 
x-y translator to correspond to the movement of 
the pumping spot on the sample. 

0------------~ 
25 GHz 
KLYSTRON 

LENS 
MOUNTED ON 
DEWAR TAIL 

X-Y TRANSLATOR--

SCOPE 

~ns 
t 

Fig. 1. Schematic of experimental apparatus used 
to measure buildup and decay of Efll~ with Alfven 
wave absorption. (XBL 796-6454) 
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TI1e drop buildup and decay are measured by 
monitoring the movement of the principal Alfven 
resonance peak, llc in field. We find 
that He increases rapidly (0.5 ~sec) to a maximum 
field llmax• corresponding to a maximum drop size, 
and then decays exponentially with a characteris
tic 1400 psec time constant. If \Ve lie as 
the lowest magnetic dipole mode of a sphere, the 
relation betHeen and field is R(~m) = 
14 [l-Ie (kOe) - 0. 3] for a liquid of 
0.5xlol7 cm-3. For this mode the maxi-
mum resonant field of 13 kOe corresponds to a drop 
radius of 178 11m. This is approximately the same 
size obtained from assuming 100% pumping effici
ency into the strain well. As would rybe eA11ectecl 
for this mode assignment, Hmax a: r:~IJ where Ea is 
the absorbed laser energy. 

Figure 2 shows contours of constant pumping 
efficiency for two different laser powers. TI1e 
tc1 for buildup was then recorded at all possible 
positions. It can be seen that even for a con-· 
stant final drop size and laser pm,•er, the build
up time is basically the time for carriers 
initially produced by the laser to move into the 
strain well, and not a time to cool down, which 
would be independent of position. 

Some further infoTillation can be gained by 
studying contours. In this case the effect of 
the direction of the magnetic field, if any, on 
the buildup is found. TI1is is illustrated in 
Fig. 3, where contours of constant buildup time 
to a given drop size with a constant energy arc 
plotted for two_,.fielcl orientations, I~ parallel to 
the stress and !-I perpendicular to the stress. It 
can be seen that there are very small differences 
between the contours indicating that the field has 
very little if any effect on the buildup, even 
though the buildup time of 30 ~s is quite long. 
This means that magnetohydrodynamic damping does 
not seem to be particularly important in this 
case. 

The effect of carrier mass anisotropy on the 
motion of drops3 in the strain well is shown in 
Fig. 4 from Markiewicz. This shows how the equal 
energy contours of Fig. 4a are distorted. Carriers 
and small drops will flow perpendicular to the 
contours illustrated in Fig. 4b rather than per-
pendicular to the contours in Fig. 'I11is 
happens because although the force, , is perpen-
dicular ~~o we contours ~Il: . 4b, s11e accelera-
tion is a = m -1 • F where m = + m I and m, n n 
'"0.3n]o. TI1e electron mass-tensor me, 
is quite anisotropic for stressed Ge; m)j = l. 58m0 
(along the <111> axis), lll\ = 0.082n]o. 'his leads 
to the distortions in the-acceleration potential, 
E* pictured in Fig. 4b. E* is defined so that 
mil -f = -17E*. There is a tendency for drops 
to pile up along the <lll> and flow into the 
strain well predominantly along that axis because 
of the large longitudinal mass. This can be seen 
exverimentally in Fig. 5. It is obvious 
ally from Figs. Sa and Sc that drops are charu1clecl 
as expected from the contours in Fig. 4b. 
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Fig. 4. (a) Calculated electron-hole liqu~d pair energy in nonuniformly strained Ge. 
Stress along <111> axis, viewed through (110) crystal face. In the unshaded region 
all electrons are in a single conduction band only. (b) Channeling of carrier flow. 
Due to effective mass anisotropy in the strain well of Fig. S(a), the carriers and 
small drops would <:~ctua1_ly flow perpendicular to the contour lines drawn here. E* is 
defined so that mila= -IJEI, where~ is the pair acceleration. (XBL 779-4830A) 

(a) (b) (c) 1 
Fig. 5. Channeling of the carrier flow. The crystal is stressed along a <110> direction 
and viewed through a (001) face. For enhanced contrast, a negative photographic image is 
presented so that the glm;ring drop appears black. The three views correspond to three 
positions of the laser pumping spot on the sample surface. Arrm,rs show the approximate 
position of the focused laser spot on the opposite face of the . Carriers appear 
as a dark cloud of small drops formed about the laser spot. Leading away from the cloud 
is a narrow channel of drops flowing into the SCEI-IL near the top of the crystal. 

(XBB 770-9519) 



Although information is verv 
difficult to obtain about the buildup process, it 
is quite well understood qualLtatively. Photons 
from the pLunping light are absorbed within about 
a micron fanning a dense fairly hot cloud of 
electrons and holes. This cools quite quickly 
(~Jo-CJ sec) and forms small JJrD. These JJID then 

move Lmcler the combined force of the strain 
ient zmcl phonon 1vind into the strain well at near 
the velocity of SOLUlcl (~JQS em/sec), and are 
strongly channeled into <Lll> directions clue to 
the mass anisotropy. Finally, there seems to be 
very little effect of the magnetic fi.eld direc
tion on the buildup as long as it is pe11)enclicular 
to the direction of the incident light. 

'Brief version of LBl-9334. 
l. R. S. lllarkie1vicz., J. P. lVolfe and 
C. D. Jeffries, Phys. Rev. B 15, 1988 (1977) , 
(LBL-(1~25). -
2. J. E. Furneawc, J. P. Wolfe and C. D. Jeffries, 
Solid State Conumm. 20, 217 (1976); R. S. 
Markiewicz, Phys. Rev:- B 18, 4260 (1978), (Ll3L-
6942). -
3. R. S. lllarkie1vicz, Phys. Rev. B 17, 4788 (1978), 
(LBL-6694). 

5. PROPERTIES OF Tm; ELECTRON- I!OLE LIQUID IN Ge 
i'L\1! Si ,\S A FUNCTION OF DENSI'lY 

Susan ~I. Kelso'f m1d Carson D. Jeffries 

A detailed study of the variation in electron
hole pair density in the electron-hole liquid 
(L\IL) in stressed Ge and Si has been concluded. 
First, the variation of the density and other 

of the EHL was calculated theoretically 
as a function of uniaxial stress in both Ge and 
Si. '!hen the variation of the density with 
tion was studied e:..verimentally in the strain
confined electron- hole liqu.id (SCIJIL) in Ce and 
compared 1vi th theory. 

the first attempt 
to how El!L properties 

between their zero- and infinite-stress 
, both at zero and at finite temperature, as 

continuous functions of stress, for <lll> stress 
in--Ge anc1<100> stress in Si. c;'hese properties 
include the grotmd state (T~O) equilibriwn den
sity, the grow1el state pair energy, the electron 
and hold Fermi energies, the luminescence line
width, the electron-hole drop charge, and the 
liquid compressibility. 'J11e possibility of a 

transition \voulcl occur as the stress is 
varied, as the upper electron valleys become 
depopulated. The importm1ce of including the 
nonparabolic valence band of states in 
the fitting of the huninescence I inc-:;h:me ,,:~:; 
found to be crucial. Theoretical results for the 
systematic low-temperature variation of the liquid 
clcnsi ty, Fermi energy, and chemical potential \vere 
calculated. The high-temperature properties were 
also calculated, including the critical tempera
ture and density. Tl1ese theoretical results were 
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foLmd to be in reasonably good agreement 1vi th the 
available data. The s tucly of the 
EI IL under stress is a necessary prelude 
to the understanding of the EI!L Lmder nonuniform 
stress, i.e., confined in a strain well. .Ul the 
properties of the r:IIL undergo a dramatic change 
as the liqulcl becomes confined in a strain well 
1vhen the force reaches the critical force Fe at 
which the of the 4 electrons is re-
moved. Figure l is a representati.ve display of 
the results for a pure Ce 
At the critical force "" 3 kgf (corresponding to 
a stress ""' 3 kgf /nun2) small droplets coalesce 
into a large pool of EHL with remarkably 
different 

The detailed properties of the strain-confined 
E!IL are detenninecl from further measurements of 
the recombination luminescence with spatial, time, 
and spectral resolution, as a ftmction of excita-
tion level, magnetic temperature, and 
stress. A single of EI!L forms in the strain 
well, with radius as as R ""' 0. 7 mm and vo 1-
tune greater than l At high excitation levels 
the luminescence linewidth is fmmd to increase 
and the recombination lifetime to decrease, incli 
eating that the liquid becomes compressed. For 
smaller drop sizes (R :S 150 )Jill), however, the 
equilibriwn properties of the liquid may be stu
died. From a fit of the lLLminescence lineshape 
the density is fow1d to be = 0. 50 + 0. OS x 1ol7 

cm-3 for typical moderate , and the life-
time is fow1cl from pulsed experiments to be r "' 
500 )Jsec. The enhanced lifetime is UJJderstood 
qualitatively as a result of the reduced density 
(compared to the values for tmstressed Ge) , while 
the reduction in density is due to the stress. 
T11e size, shape, and kinetics of drops confined 
in strain wells are quite different from size, 
shape, and kinetics of clouds of small HID in 
w1stressed Ge. This is verified experimentally 
and theoretically. 

T11e compression of the SCEHL at higher 
excitation levels was investigated in detail. 
It was shmm that the density should 
vary with position, with the magnitude of the 
variation increasing 1vith drop size. Exverimen
tally, density profiles are measured using lu11i
nescence spatial profiles (box scans) and an Abel 
transfonn (see Fig. 2). The is found to 
be at the center of the drop, decreasing 
at the drop surface, as predicted theoretically. 
T11e density at the center of the drop is fotmcl 
to increase 1vith drop size from the equilibriwn 
value by approximately a factor of three, in 
agreement with theory. T1le l iquicl chemical po
tential is measured as a fLmction of by 
varying the drop size, providing a very 
gent test of the many-body theories used to 
describe the EIIL. The compressibili tx of the 
SCE!It is measured to be KT = 0.058; 8·8r4 cm2/ 
dyne. Finally, the liquid lifetime was studied 
as a fwKtion of density. The lifetime changes 
more slowly than the density, indicating that a 
density-independent decay mechanism is significant. 
In addition, the Auger recombination coefficient 
is reduced from its value in Lm-
stressed Ge. 
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Fig. 1. (a) Luminescence peak energy of EHL vs. applied force F(kgf/rrm2) for Ge sample stressed 
along <lll> in a potential well. The liquid collects in the well above a threshold force Fe. 
(b) EHL linewidth LIE vs. F; since LIE cc EFermi cc n2/3, this is a measure of the liquid density n 
and the change when the Ge configuration goes from Ge(4,2) to Ge(2,1). (c) EHL lifetime T vs. F; 
again, there is a sudden increase at Fe when the liquid become confined. (d) Total EHL lumines-
cence intensity vs. F. Pump power Pabs = 3.2 mlV, T = 1.8 K. (XBL 77ll-6460) 
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Fig. 2. Electron-hole pair density profiles of a 
strain-confined electron-hole drop for a series 
of excitation levels Pabs· The solid curves give 
the predicted profiles. (XBL 795-9618) 

* * * 
!·Brief version of LBL- 8786. 
't'Permanent address: Bell Laboratories, Iv!urry Hill, 

NJ 07974. 

RESEARCH PLANS FOR CALEl'TDAR YEAR 1980 

~~velopment_~f ultra~ens:i_ti_ye Il3_~~t_E)_c_tor. The 
proposed new spectrometer wi tl1 an ultrasensi ti ve 
detector (l\J'EP "" 10 16w1Hz) at 1.8 microns is 
nearing completion. This is 2 to 3 orders of mag
nitude more sensitive than any previous detector 
used in electron-hole drop research in Ge and will 
make possible a mnnber of new eA1Jeriments: direct 
search for the lwninescence of biexcitons and 
multiexciton complexes in Ge; observation of the 
nucleation of individual small El-ID is unstressed 
Ce and study of this by spatial imaging; study of 
the phase diagram near the critical temperature 
to see whether the droplets form a periodic array; 
using the new apparatus for general solid state 
spectroscopy in this range to see whether new 
excited states, complexes, condensations, and 
M-I transitions become observable. 



the 
Ge crystal itself forms the \vith a quality 
[actor lOS. 'l11i s is being used to observe 
the g- and hyperfine structure of shallow 
donors (As, P, Sb) in Ge and Si, as the crystal is 
pLunpecl with light and exci tons, drops, and other 
e-h become trapped on the donor atoms. 
This e;qJected to produce an observable 
in the wavefLmction of the donor Hith consequent 

in paramagnetic resonance structure. This 
and sensitive way to observe trapping 

via lwninescence, to correlate it with the 
species. Preliminary results include 

new lines observed in the donor band in Ge 
(g = 1.6), very sensitive to light; and new lines 
observed at very low fields (4x lower than the 
light holes). TI1ey seem to be new 
phenomena--and will be 

Study of long-lived free excitons in strain
confined EHL in Ge. We have discovered that the 
lifetime of FE can be as long as 300 to 400 )JSec 
in or around SCEHL. TI1is interesting anomaly will 
be studied in detail using both spatial and tem
poral resolution. The whole problem of the exci
ton lifetime in Ge is very poorly understood as 
was discussed in article l. This additional study 
will contribute to its understanding. 
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d. Devices, and 1/f Noise* 

John Clarke, Investigator 

1. iVli'I.GNETOTDLLURICS AT A GEOTHEFM/\L SITE!· 

T. D. Gamble, W. P.L Goubau, F. F. Miracky, and 
J. Clarke 

The ultimate goal of magnetotellurics is to 
obtain an accurate picture of the electrical resis
tivity of the ground as a function of position. 
Such a representation may yield extremely valuable 
infonnation about the location and magnitude of 
geothermal sources, oil deposits, and other anoma
lies. There are two d:i.stinct steps to this goal. 
In the first, one measures the horizontal compon-
ents of the field fluctuations at the 
earth 1 s surface, (to) , clue to ionospheric distur
bances, and, simultaneously, the horizontal compon
ents of the induced electric field, D(w). One can 
then estimate the impedanc~c tensor l,(w), defined by 
the relation D(w) ~ .Z(w) H(w). Our present tech
niques enable us to measure j:(w) to a typical 
accuracy of 1% or better. The second step in the 
procedure is to calculate the resistivity as a func
tion of position from _Z (w). In general, this is a 
fol1!1lidable problem. However, where the ground is 
one-dimensional (layered) or two-dimensional (has 
a direction of translational invariance, knmm as 
the strike), considerable simplifications are possi
ble, and one can often obtain quantitative results. 
In this article, 1ve present results obtained at a 
geothermal site at Cerro Prieto, near Mexicali, 
Mexico, where a relatively simple modeling approach 
has produced rather intriguing results. 

We have made two surveys in the vicinity of the 
site, one in 1978 and one in 1979. The magnetic 
field fluctuations were measured with a 3-axis 
SQUID magnetometer, and the two components of the 
electric fleld fluctuations by buried electrodes. 
A second (remote) 2-axis SQUID magnetometer was 
used as a reference to ~mab1e us to make accurate 
determinations of Z.(w). ·In 1978 the data were col
lected on tape. In 1979 the data were recorded on 
tape for frequencies <1 Hz, while for frequencies 
> 1 Hz by our LSI -11- based in-
field computer. the end of each data segment 
the seven chaimels were Fourier-transfonned, the 
appropriate cross-power spectra were computed, and 
Z:,(w) was printed out. 

The of our 17 measurement sites is 
shown in Fig. 1. We shall confine ourselves to a 
discussion of the line FF' , which is approximately 
the direction of a geological fault. First, we 

* This work was supported by the Division of 
Matenals Sciences, Office of Basic Energy 
Sciences, U. S. Department of Energy. 

calculate the best coordinate orientation by rotat
ing the axes of the impedance tensor to maximize 
I Zxy 12 + I Zyx 12. We found that this procedure pro
duced an approximate strike direction close to the 
direction of the geological fault. The apparent 
resistivity Pyx~ 0.2T I 12 [pin rl m, Tin sec, 
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Fig. 1. Location of geothennal sites at Cerro 
Prieto, Mex1co. (XBL 7911-12866) 

Z in (mV/km)/y] for H along the strike (electric 
fields and currents perpendicular to strike) at 5 
stations along FF 1 is shmm in Fig. 2. Notice the 
region of relatively high resistivity at periods 
>2 sec found at the right-hand two stations. 
Figure 3 shows a rough model of the section FF' 
based on the data in Fig. 2. The important feature 
is the high resistivity (10 Q m) region extending 
SE from the geothermal plant at a depth of 0.5 to 
2 km. Finally, in Fig. 4, we show an expanded view 
of this high resistivity region together with a 
schematic of steam production zones for wells along 
this line, supplied by the Mexican Power Commission. 
The remarkable agreement between our model of a 
high resistivity region and the production zones of 
the wells is very gratifying. 

* * * 

i-This work was supported in part by the Office of 
Geothermal Energy, U. S. Department of Energy. 
1. Mv!RD Aimual Report 1978, LBL-8580, pg. 165. 
2. !VIMRD Annual Report 1978, LBL-8580, pg. 167. 
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Fig. 2. Apparent resistivity Pyx along FF' for electric field pel~endi-
cular to strike. · (XBL 799-11507) 
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Fig. 3. Rough model of resistivity of ground along 
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SCCCION GfOLOGICA I-X' 

Fig. 4. 10 D m contour (hatched line) taken from Fig. 3 together with geothermal 
wells (vertical lines) and approximate positions of geothermal energy (rectangles). 

(XBL 7910-12260) 

2. AU Nb LOW NOISE DC SQUID WIT!-! 1 )Jm TUJ\INEL 
JUNCTIONS-1-'F 

J. Clarke, R. F. Voss,§ R. B. Laibowitz,§ and 
S. I. Raider§ 

Despite the great sensitivity of presently avail
able de SQUIDS, there are certain applications for 
which much greater sensitivity is necessary. Two 

are gradiometers, for example, for goo
applications, and trcmsducers for gravity 

wave detectors. The Tesche-Clarke modell of the de 
SQUID with shunted tunnel junctions of 
neglig1ble capacitance predicts that the optimum 
intrinsic energy sensitivity per Hz is given by 

2L 
(l) 

Here, S¢ is the sp~ctral density of the equivalent 
flux no1se in the SQUID, L 1s the mductance, c 1s 
the capacitance per unit area of each jtmction of 
area A, and T is the ambient temperature of the 
SQUID. The model asstnnes that thermal noise in the 
resistive shu11ts 1s the only noise source, that 

= ¢0 , where 10 is the critical current per 
junction and ¢0 is the flux quantum, and that 
2ni0 R2o\ = ¢0 , where R is the sht.urt resistance per 
junction. Equation (1) predicts that s is propor-
tional to Ai, a that is in excellent agree-
ment with results from our earlier JnH devices 

100 x 100 )Jill and 10 x 10 )Jlll junctions. How
ever, the absolute sensitivity predicted by Eq. (1) 
is roughly tHo times better th2J1 that achieved ex
perimentally. In this article, we describe a lnH 
SQUID with 1 ).11112 junctions: the sensitivity of 
this device shows the expected improvement. 

The SQUIDS were fabricated on Si wafers using 
electron beam lithography to produce the masks for 
the metal films. A typical SQUID was about 300 )Jlll 

square, and contamed two 1 x 1 )Jlll Nb-NbOx-Nb tw1-
nel junctions. The device was constructed entirely 
of Nb except for the resistive shunts, which were 
of Pd2Si, fonned by annealing a Pel film on the Si 
substrate. These devices appear to be virtually 
indestructible: they will resist severe abrasion 
and survive rapid thermal cycling with no cletecta
ble deterioration at all. 

The SQUIDs 1vere mounted in a Pb shield and im
mersed in liquid helitnn for testing. Figure 1 
shows the current-voltage (I-V) characteristics of 
a typical device at 4. 2 K and 1. 5 K with an applied 
flux of n¢0 and (n + i) ¢0 in each case (n is an 
integer). The SQUID inductance was approximately 
lnl-l, and the capacitance per junction was about 
0 .l pF. Figures 2 (a) and (b) and 3 (a) and (b) 
show V(¢) and l<lV/3¢1 at 4.2 K and 1.5 K respec
tively, where ¢ is the applied flux. The smooth 
periodic behavior of V(¢) and the values of I:JV/:J¢1 
are in good agreement with theoretical pred1Ctions. 
We made noise measurements by coupling the SQUID to 
a low noise FET preamplifier via a cooled LC reson·· 
ant cucuit. Figures 2(c) and 3(c) show the meas
ured voltage noise, Vn, at 40 ldlz as a fw1etion of 
flux. We see that Vn is periodic in flux, with 
peaks corresponding to peaks in I dV /3¢ I· These 
peaks demonstrate the presence of circulating 
current noise in the SQUID, predicted by the model, 
that produces an aclditional voltage noise propor
tional to I 3V /3¢ I· The equivalent flux noise, 
¢ = Vn/ I (lV /3¢ I, is shown in . 2 (d) and 3 (d). 
TRe minimum values occur at the maxil1la of I ?N /3¢ I , 
as , and are 3.4 x lo-6¢0!!z-2 and 2.3 x 
10· at 4. 2 and J. 5 K, respectively. Finally, 
Figs. (e) and 3(e) show t: = ¢X/2L in units of 
Planck's constant h: the minimtnn values are 37h 
(2.5 x lo-32 SHz-1) and 17h (1.1 x lo-32 Jllz-l) at 
the higher and lower temperatures, respectively. 
In both cases, the measured sensitivity is about 
2! poorer than that predicted by Eq. (l). The 
mcrease in sensitivity with lowered temperature is 
close to the predicted value. As e~ectcd, the 
SQUIDs were relatively insensitive to changes in 
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Fig. 1. Flux modulation of I-V characteristic for 
SQUID at 4.2 and 1.5 K. (XBL 7911-12873) 
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1.0 

current bias,, and a change of~0.2 )lAin bias cur
rent produced a change of less than 2% in the mini
mum value of E. 

We are very encouraged that our relativP.ly simple 
model predicts the sensitivity of the de SQUID so 
well over a wide range of parameters. It appears 
that Eq. (1) accurately predicts the scaling with 
junction area, but consistently ovcrestunates the 
sensi ti vi ty by a factor of about 2. We believe 
that this discrepancy arises from the neglect of 
the capacitance in the noise computation; unfortun
ately, the inclusion of this effect is likely to be 
extremely costly in computer time. We also feel 
that there is every reason to believe that the ul
timate energy sensitivity per Hz of h is achievable 
by appropriate scaling of the SQUID parruneters. 
The present device is the most sensitive available 
that follows the general predictions of the theory, 
and that can be used 1n a feedback mode in a 
straightfonvard way. Its extreme ruggedness and 
very high sensitivity make it very attractive for 
both laboratory and field applications. 
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tThis work was perfonned while J. Clarke was on 
leave at the IBM Research Center in New York. 
tBrief version of LBL- 9893. 
§IBM Thomas J. Watson Research Center, Yorktown 
Heights, N. Y. 10598. 
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3. SUPERCURRENT- INDUCED CHARGE IMBALANCE IN TI-IE 
PRESENCE OF A TI-JERJv!AL GRADIENTt 

J. Clarke, B. R. Fjordb¢ge,f P. E. Lindelof,4' and 
M. Tinkham§ 

Pethick and Smith predicted that when a super
current I flows through a thermal gradient VT in a 
superconductor, a quasiparticle charge imbalance 
will be created that should be observable as a po
tential difference between the quasiparticle and 
the pair chemical potentials. Clarke, Fjordb¢ge, 
and Lindelof have observed this effect, but found 
its magnitude to be 2 to 3 orders of magnitude 
smaller than predicted. Clarke and Tinkham have 
subsequently developed a theory that is in good 
agreement with the magnitude and temperature 
dependence of the effect. 

The sample confi~Jration is shown in Fig. 1. A 
Sn film typically 300 nm thick and 0.1 mn wide was 
evaporated onto a 32x7xl mm3 glass substrate and 
oxidized in air for 5-15 minutes. Three CuAl disks 
about 1 lJlll thick were then deposited, followed by 
three Pb strips. In a given experiment, one of the 
three Sn-SnOx-Cu turmel junctions was used to de
tect the quasiparticle potential in the Sn film 
relative to the pair potential. The sample was 
mounted 1n a vacuum can, with heaters and thermom
eters attached to enable us to establish and mea
sure a temperature gradient. The voltage measure
ments were made with a SQUID in a feedback mode. 
The can was immersed in superfluid helium, and the 
cryostat was surrounded by a double mu-metal shield. 

I i"""~!l!l!!'--12mm 
t 

l 
+ 

Sn 

Fig. 1. Sample configuration. (XBL 79ll-12877) 
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We made measurements by establishing a temperature 
gradient and then measuring the voltage generated 
when a given supercurrent was turned on. 

In Figs. 2 and 3 for a typical sample we plot 
the voltage V vs. current for a given gradient and 
vs. gradient for a given current, respectively. It 
is inunediately apparent that V a: IVT. To investi
gate the temperature dependence of the effect, in 
Fig. 4 we plot VgNsT/II.?T vs. (1-t), where tis the 
::educed teml?erature, and gNS is the measured normal
lZed tunnelmg conductance of the Sn-SnOx-Cu turmel 
junction. At reduced temperatures above about 0.8 
the quantity VgNsT/II.?T diverges nearly as (1-t)-1, 
while below about 0.8 it falls off more rapidly as 
the temperature is lowered. The dependence of V on 
IIJt is as predicted by Pethick and Smith, but the 
magnitude of the effect is two to three orders of 
magnitude smaller than their prediction. 

Clarke and Tinkham have developed a relatively 
simple theoretical model that is in good agreement 
with the observed effect. Consider first a super
conductor with zero supercurrent but with VTfO. 
Quasiparticles moving into a given region from a 
colder region have an effective temperature T-oT, 
while those moving in the opposite direction from a 
hotter region have an effective temperature T+oT. 
Thus, there is an imbalance in the k>kF and k<kp 
populations on one side of the Fenni surface that 
is exactly canceled by an equal and opposite imbal
ance on the other side. As a result, the charge 
imbalance, Q*, is zero. However, if we now apply 
a supercurrent and thus create a superfluid velocity 
Vs, the excitation energy of a state with momentum 
+ . + + 
Pk 1s changed by Pk · Vs, thereby introducing an 
as~1wetry about the Fermi surface. As a result, in 
the presence of a thermal gradient the population 
imbalances on the two sides no longer exactly can
cel, and a net Q* results that in tum produces a 

I (mAl 

Fig. 2. V vs. I for 5 values of VT. (XBL 7911-12875) 



Fig. 3. V vs. 1/t for 10 values of I. (XBL 7911-12876) 
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. 4. VgNsT /IvT vs. (1-t). Solid circles 
sent data, dashed line has slope -1, and inc 
is Eq. (l). (XBL 7911-12874) 
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quasiparticle voltage. In the limit in which elas
tic scatter.i.ng dominates, a detailed calcul ati.on 

v 
VF ,\2(0) 

3 c ~ (l) 
+ + J LI(T) s 

X 2 k8T cosh (L1/2k8T) gNS (1-Z) c T 

where vF is the Fellni velocity, J(, is the electronic 
mean free path, \(0) is the zero temperature pene
tration depth, Js is the supercurrent , and 
zen is the function specified in article 5. 
Equation (l), fitted at a single point, is shmvn in 
Fig. 4. The fit to the data is remarkably good, 
and the absolute magnitude of the experimental re
sults is within a factor of two of the theory. 
This excellent agreement strongly suggests that the 
simple theory contains the essential physics of the 
effect. 

* * * 
:~Brief version of Phys. Rev. Lett. :1_~, 642 (1979). 
·§II. C. 0rsted Institute, Copenhagen, Denmark. 
Harvard , Cambridge, MA 02138. 

4. CALCULATIONS OF QUASIPARTICLE BRANCH RELAXATION 
RATES IN SlJPERCO:-JDUCTORS·i· 

C. C. Chi and J. Clarke 

There are many situations of physical interest 
in which a quasiparticle voltage may be induced m 
a super conductor by a charge imbalance 

* 0 2N( [of (E) - Of (E) 1 dE 
> < 

( l ) 

bet\\·ccn the k > kf and k < kf quas inart iclc branches. 
Here, N(O) is the single spin density of states at 

Fermi level 6(T) is the energy gap, E2 = 62 + 

where c is one electron and of> 
and Of<(E) are the deviations from equilibrium 
distribution function. A charge imbalance may be 
created, for example, by tunnel injection into a 
superconductor (see article 6), by the passage of 
a current across a nollnal- superconducting interface 
(see article 5), by a phase slip center, or by the 
flow of a supcrcurrent in the presence of a tempera
ture gradient (see article 3). Existing theories 
of the charge relaxation time, 'Q*, by Schmid and 
Schon, and Pethick and Smith are valid only in the 
the llmi t T + , where predict 



'E~oCTc) being the inelastic electron scattering 
rate at Tc for electrons at the Fenni energy. We 
have devised a computational scheme that enables us 
to calculate 'Q~ at any temperature, T, and as a 
function of inJection voltage, V. . . 

lnJ 

The calculation was performed for the case of 
uniform injection of charge imbalance into a super 
conductor from a nonnal metal via a tum1el junction. 
One can readily compute the injection rate Qinj (T 
Vinj)· The steady state value of Q"' is computed 
first finding the deviation o£2 from equilibrhun as 
a function of E = ±(E2 - 62),/Z from the equation 

0. (2) 

In Eq. (2), G2 is the injection rate at energy 2, 

and Gin 2 is the inelastic collision integral. 
Integrating 0£2 enables us to find Q*, and we final
ly obtain the relaxation rate from 

-1 Q::< ./Q*. 
'Q'' lnJ 

(3) 

Figure 1 shows 'O*TE=O (Tc) · 4kB/Trl~ (T) vs. 6 (T) /k13T 
forT> 0.9Tc and for three injection voltages: 
eVinj = O.Oll'l(T), lOi\(T), lOkBTc· Notice that as 
the injection voltage is raised, 'ol increases at 
all temperatures, reflecting the increase in the in
elastic scattering rate 1vith energy. In the low 
voltage limit and for L'lT /kif ~ 0. 6, we find that 
the computed curve is fitted to within 1% by the 
empirical formula. 
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Fig. l. 4LqtTI'=O (Tc) k13T /nL\ (T) vs. L\ (T) /kgT and T /Tc. 
Steady state ~alculation for eV int = 0. OlL1 c:·). , 
(- o -), lOll(T) ( --o-), and lOkg1c ( -:-ll-), rc 
model ( .... ) , and PS model (- - ) . 

(XBL 7911-12868) 
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Also shown in Fig. 1 are the relaxation rates 
computed from the Tinkham-Clarke (TC) and Pethick
Smith (PS) chemical potential models, in which the 
injected distribution is assumed to be represented 
by a Fermi function with a suitably shifted chemi
cal potential. Interestingly, the calculated low 
voltage limit agrees more closely with the TC model, 
although the PS model is in fact more appropriate. 

I' Brief version of LBL-9695. 

:; . BOUNDARY RESISTJ'u'.JCE OF THE SUPERCONDUCTINC
NORMAL INTERFACE t 

T. Y. !-!siang and J. Clarke 

Shepherd, and Tindall were the f us t to 
show experimentally that the electrical boundary 
resistance of the superconclucting-nonnal (SN) inter
face increased as the temperature was raised towards 
the transition temperature, Tc. They presented a 
theory for the increase that attributed the boundary 
resistance to the propagation of current-carrying 
quasiparticles into the superconductor. Subse
quently, there was considerable theoretical interest 
in this subject. However, there has been no attempt 
to fit a theory quantitatively to experimental re
sults, and to obtain values of the inelastic scat
tering time at the Fermi energy and at , 'I'=oCTc). 
We have developed a simple theory to account for 
the boundary resistance and applied it to our meas
urements on SNS samples to obtain values of 

(Tc) for four superconductors. 

The theory is an extension of the tumJel injec
tion theory for Q* developed by Tinkham and Clarke. 
\\~1en a current I flows across an NS interface at a 
non-zero temperature, excitations with energies 
below the gap, [',, are Andreev reflected, and 
their current propagated into the superconductor 
as a supercurrent. Excitations with energies above 
ll propagate into the superconductor generating a 
charge imbalance Q;' that decays from the interface 
as 

(1) 

where ;\Q* = (Q.vFT */3) 1/2. Here, 9~ and Vp are the 
electronic mean f9ee path and Fermi velooty of the 

and 4kBT rE=o(Tc)/mi(T) is the 
It 1s strai.ghtfonvard to 

(2) 

where A is the cross-section area of the sample, 
and 

00 

Z('f) 2 j 1(E) (-3f/3E)dE, 
0 



w.ith N,(E) = [(l-L'12/E2f 1/ 2], L'l the energy gap, and f 
the Fehni function. 

The voltage generated by the charge imbalance is 
Q*(0)/2e N(O), Hhere N(O) is the single-spin density 
of states at the Fenni level. Combining this result 
with Eqs. (1) and (2) and using Ps = 3/Ze2N(O)£vF 
for the normal state resistivity of the superconduc
tor we fincl a boundary resistance 

(3) 

This result has a simple interpretation. As T-+ Tc, 
Z(T) -+ 1, and the boundary resistance becomes the 
normal state resistence of a length AQ* of the 
sulJerconductor. As T -+ 0, Z (T) -+ (kBT I L'l) 1/2 
e;qJ (- 6/kBT) , and Rb vanishes exponentially, as we 
would expect. 

In our e:\'Periments, we made two different types 
of samples, one by successive evaporations of the 
appropriate materials, and the other by evaporating 
the superconducting material on to both sides of a 
foil cleaned by ion milling with argon. The sam
ples, usually two or three at a time, were connected 
in series with a known resistor and the supercon
ducting input coil of a de SQUID with the usual 
feedback arrangement. The samples were mounted in 
a vacmnn can surrounded by a superconducting shield 
and innnersed in liquid helium. The resistance of 
each sample was measured as a function of current 
from about l. 2 K to TC" 

We found that the resistance was independent of 
current for densities up to 3 x 106 Am-2. The 
variation of resistance with temperature is shmvn 
in Fig. 1 for four samples. At low temperatures, 
the resistance was independent of temperature, and 
within the experimental error, equal to the value 
calculated from the dimensions and resistivity of 
the nonnal metal. This result indicates that 
boundary contamination is negligible. As the tem
perature Has raised towards Tc, the resistance in
creased markedly. The curves in Fig. 1 show the 
excellent fit to the theory, using the values of 
TE=O (T c) shmm in Table 1. The measured times are 
generally in good agreement with those calculated 
by Kaplan et al. 

* * * 
tBrief version of LBL-9577. 
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Fig. 1. Circles are measured dependence of the 
total resistance vs. reduced temperature of four SNS 
sandwiches. The solid lines above 0.9 Tc (0.96 Tc 
for Sn) are the fit to Eq. (3) and the dashed lines 
shown the extrapolation of the theory to lower tem-
peratures. (XBL 7911-12869) 
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Table 1. Experimental values of TE=o(Tc), together with computed values 
from Kaplan et al. In the case of alloy samples, the computed 
values for the pure materials are given in parentheses. 

Material 

-10 
'E=O(Tc)(lO s) 

(Experimental) 

-10 
'E=O(Tc)(lO s) 

(Kaplan et ~) 

0.25 

(0.23) 

6. Jo.!EASUREMENT OF THE QUASIPARTICLE CHARGE 
RELAXATION RATE IN Al-Er ALLOYS 

T. R. Lemberger and J. Clarke 

In the 1978 ~~annual report, 1 we reported 
measurements of the quasiparticle charge relaxation 
rate in superconducting aluminum-erbium alloy films, 
in which the Er is a magnetic impurity. Those 
measurements have been extended to lower reduced 
temperatures, and to cover two decades of Er concen
tration. In this article, these new results are 
presented, and compared to the analytic expression 
of Schmid and Schon, and to a computer calculation. 

In this experiment a quasiparticle charge, Q*, 
is created in an Al-Er film by tunnel injection at 
a rate Qinj = F*Iinj/e ~. where Iini is the injec
tion current, ~ is the injected volume, and F* is 
a calculable quantity which depends on temperature 
and injection voltage. For the measurements des
cribeg here, F* = 0.95. The induced charge 
Q~ = QiDj 'Q*~ where TQ* i~ the_charge rel~xation 
t1me, g1Ves r1se to a quas1part1cle potent1al 
V = Q*/ZN(O)eg~s that is detected by means of a 
second tunnel junction; here, N(O) is the single
spin density of states in the superconductor, and 
gNS is the normalized tunneling conductance of the 
detector junction. The experimentally determined 
quantity is Iin/e ~ Q* = [F* TQ*]-1. 

The data, normalized so that the data from dif
ferent samples overlap for 6/kBTc ~ 0.5, are shown 
in Fig. 1. We see that [F* T Q*]-1 is proportional 
to 1'1/kBTc for 0.3 :S Ll/kBTc :S 0.8, while for 1'1/kBTc 
;: 0.9, it increases less rapidly with increasing 
MkBTc, possibly becoming constant at sufficiently 
low temperatures. The qualitative dependence on 
Ll/kBTc seems to be nearly independent of the Er 
concentration, which rcnged from 21 ppm to 1660 ppm. 

In the limit MkBTc ::; 0. 01, Schmid and Schon (SS) 
obtained the analytic result 

(1) 

Sn 

2.6 

2.7 

In Pb 

l.l l.l 0.20 

( 2. 7) 1.0 0.23 

1.7 

Fig. l. [F* rq*l -l vs. L/kBTc. The discrete points 
are typical experimental data for one sample from 
each impurity concentration studied, nonnalized to 
agree for Ll/kBTc :S 0.5. The bold solid line repre
sents a line proportional to Ll/kBTc, while the other 
solid lines are calculated numerically. 

where 

r 
1 s 

(XBL 7911-7284) 

(2) 

Here, 1 0 is a characteristic electron-photon scat
tering time, and Ts is the electron spin-flip scat
tering time. Although the data lie outside the 



stated range of validity, it is instructive to com
pare them with the SS result. Equation (1) contains 
the ~bserved .linear clepenclenc~···of [F~ ro,•-J -l ~n 
t/kBTc. In hg. 2 1ve plot c1 [f·" rQ*I ljcl[il/kBicl vs. 
3.4[r/r0 ]l/2. The solid line through the data has 
a slope of w1i ty, as predicted by . (l). To plot 
these data, we asswnecl that T 

0 
= 0. ( 1. 2K/'l'c) 3ps, 

where is the measured transition temperature, 
while we cletermi.necl rs from the concentration of Er. 
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(XBL 7911 7283) 

To verify the validity of 
result to temperatures well below c' 
mine the low temperature dependence 
on L\/kirc, we performed a computer 
[P' J-1. The Boltzmmm equation is used to de

the occupation probabilities of quasiparti
cle states, given a steady-state injection of quasi
particles and quasiparticle scattering from phonons 
and magnetic impurities. The effect of the magnetic 
in1pur i ties on the order parameter and on the density 
of states is neglected, but this should be a valid 
approximation for the range of iJnpuri ty concentra
tions and temperatures studied . 

. The numerical values of [f* To''] 1 vs. i\/k13Tc for 
cl1fferent values of Ts/T0 arc sho'lv11 1n . 1. The 
curves arc normalized to have the same value at 
L\/kgTc = 0. 3. The shapes of the curves depend on 
Ts/T0 only through their ratio, There are 
three important features: The magnitude of 
[F* r0*] -1 at say, Ll/kBTc = 0. 5 scales roughly 
l1'ith [f/T0 ]1/Z; the curves are not proportional to 
Ll/kJ3Tc for small values of ;'ljkBT c; and the shapes 
of the curves depend strongly on Ts/T0 . Therefore, 
although the computer calculation gives approxi 
mately the observed dependence on Ts, it does not 
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the observed dependence on Ll/kgTc over any 
significant temperature range. Possible causes of 
the arc w1cler 

l. f.Ev!RD Annual Report 1978, LBL-8580, pg. 171. 

new experiments to 
of magnetotellurics 

and to study the application of superconclucting 
magnetometers to geophysical research. We hope to 
iJnprove the sensitivity of our superconduc~il}g 
grachometer further to 10-12 gauss cm-1 Hz 1/2 or 
better and to use it to investigate fluctuations in 
the gradient of the earth's magnetic field. As a 
second method of studying gradient fluctuations, we 
propose to establish two 3-axis SQUID magnetometers 
at sites several kilometers apart, and to use a 
third remote magnetometer as a reference. This 
technique should enable us to make accurate esti
mates of the difference in field fluctuations at 
spatially separated sites. Another e}.:periment is 
designed to investigate the source of magnetic 
noise in magnetotellurics. Keeping the magneto
telluric site fixed, we will vary the distance to 
the remote reference magnetometer from zero to 
perhaps 20 Jan. This will not only establish the 
minimum necessary for referenced magneto-
tellurics, but should enable us to estimate the 
coherence length of the noise. Finally, we hope to 
extend our modeling teclmiques to enable us to use 
the tensor to calculate accurately the 

of the ground as a function of position. 

Superconducting devices. We plan to measure the 
noise ln a smgle Josephson jwKtion in the quantum 
noise limit, and to use a simple model to compute 
the noise in a resistivity shunted junction. We 
hope to complete our program to investigate the 
noise limitations of SQUIDs with small area tunnel 
junctions and 10\v inductances, and to be able to 
reach the quantum noise limit of these devices pre
dicted from our measurements on single junctions. 
We propose to study various schemes to couple mag
netic fltL'C into SQUIDs in planar, cyclinclrLcal, or 
toroidal geometries in order to optimize the over-
all performance of such as gradiometers, 
voltmeters, and wave detectors. The goal 
of this work is to investigate the ultimate liJnits 
of SQUID , and to produce devices that 
are more sensitive, more reliable, and more 

to use than present devices. 

Nonequilibrium superconductivity. This program 
is aimed at understancllrig fw1damental nonequilibrium 
processes in superconductors; it is expected that 
this work will also lead to the understanding of 
noise in superconducting devices, thereby enabling 
us to improve their sensitivity. Three experiments 
are concerned ll'i th quasiparticle charge imbalance 
in superconductors: The relaxation of charge im
balance in the presence of a supercurrent, the gen
eration of an imbalance by thermal gradients, and 
the relaxation of an imbalance under pulsed condi
tions are all to be investigated. The possibility 



of gap enhancement and the establishment of a state 
with two energy gaps under phonon irradiation is to 
be studied. 

1/f noise. It is hoped 
gra~nto irr\;:estigate the 
strain-free single 

to initiate a new pro
noise :in extremely pure, 

This study should 
whether or not the noise .Ls yield infonnation on 

generated by defects in the material. 
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2. Theoretical Solid State 

a. Theoretical Solid State Physics* 

Marvin L. Cohen, Investigator 

1. PSEUDOPOTENTIAL TECHNIQUES AND ELECTRONIC 
PROPERTIES OF SOLIDS 

Several important advances were made in + 
pseudopotential theory and application (Jl2, R4)' 
which allowed more ambitious calculations of the 
electronic properties of solids. Q1e aspect of 
these developments dealt with the form of the 
pseudopotential itself. A "first-principles" 
pseudopotential scheme (J2, R2) was developed in 
which the potentials were derived from atomic 
wavefunctions. This approach yields potentials 
which can be used for both atomic and solid elec
tronic properties (JS). These potentials are 
relatively strong and a plane-wave basis set is 
often not sufficient. A mixed-basis set (Jll) 
using plane waves and localized functions such as 
Gaussians can be used. This basis set was devel
oped by our group to accommodate both localized 
states (e.g., d-orbitals) and itinerant states 
(e.g., s-and p-orbitals). This approach has been 
very successful in calculations of bulk and sur-
face electronic properties of transition metals. 
Bulk electronic calculations using a mixed-basis 
set scheme include the high temperature AlS 
superconductors (J9,10) like Nb 3Ge. Other 
d-band materials include Mo and· W (J6,13). These 
calculations and other bulk electronic calcula
tions (Jl6; R3,9,10) yield energy bands, density 
of states curves and charge densities. The theo
retical results are compared with experiment 
where available. 

Another new technique (Rl) which has already had 
a significant impact on the applications of band 
theory is a total energy approach which can be 
applied using charge densities and potentials 
expressed in momentum space. TI1is method allows 
the use of functions normally obtained in the 
process of doing a band structure calculation. 
The result is that a total energy calculation can 
be clone without significant extra effort after 
a band structure calculation is done. The method 
was applied successfully to Si, Mo and W (J6,7; 
Rl3). The total energy expressions also allow a 
simplified approach for looking at specific con
tributions to the energy (Rl6). 

* -): * 
.L 

'J and R refer to journal articles and reports 
under the section entitled "1979 Publications and 
Reports.'' 

work was supported in part by the Division 
of ~hterials Sciences, Office of Basic Energy 
Sciences, U.S. Department of Energy and the 
National Science Foundation. 

2. SOLID SURFACES AND INTERFACES 

Research in this area concentrated on clean 
semiconductor surfaces (J4; Rll,l7), Schottky 
barriers (Jl; R5,6), heterojunctions (Jl4; Rl2,18) 
and transition metal surfaces with and without H 
adsorbates (J3,8; R8,1S). TI1e GaAs (110) surface 
was studied in detail. This surface has been the 
subject of intense experimental and theoretical 
research during the past four or five years. The 
question whether intrinsic surface states exist 
in the semiconducting energy gap has been dis
cussed actively in the literature and at confer
ences. Our recent self-consistent pseudopotential 
(SCP) results show that the ideal geometry yields 
states in the gap, but if a surface relaxation is 
imposed, the surface states move out of the gap. 
TI1e relaxation model used was detennined using 
LEED data. The calculated energy positions for 
the surface states are in good agreement with 
recent photoemission data. 

TI1e SCP approach was used to determine the 
electronic structure of aGe (lll)-metal inter
face (Schottky barrier). The results for the 
Schottky barrier height (0.55 eV) and the inter
face index (S = 0.14) are both consistent with 
measured values. The method was then applied to 
a diamond-metal interface. This interface 
is crucial to the theory of Schottky barriers 
because of diamond's large gap and zero ionicity. 
Predictions based on experimental extrapolations 
give S = 0 while our calculations give S = 0.4. 
The barrier height of 2.2 eV is in good agreement 
with experiment. 111e question of the s-value for 
diamond Schottky barriers will ultimately be 
settled by accurate experimental measurements. 
The results will determine the ionicity dependence 
of the interface index, S. The behavior of S is 
fundamental to Schottky barrier theory. An 
analysis basecl on our expressions for S shows 
that limits can be placed on S. We find that, for 
reasonable choices of the physical parameters, 
0. 03 < S < l. S. Although these results conflict 
with some other published theoretical estimates, 
they are consistent with all current measurements. 
TI1ey also indicate that measurements on high S 
materials are near or at the maximum value for S. 

1\vo heteroj unction (semiconductor- semiconductor) 
interfaces were studied using the SCP. TI1e (llO) 
GaAs-ZnSe interface was examined because this sys
tem has no lattice constant or symmetry change 
across the interface, but there is an ionicity 
change. No interface states are found in the 
fundamental gap, but interface states do split 
off from bulk states in other of the 
Brillouin zone. The calculation indicated the 



role of in determining the properties 
of interface states. A second heterojunction, 
(001) InAs-GaSb, was analyzed. This heterojwK-
tion is of special interest because the electron 

rule and some experimental measurements 
suggest that the bottom of the conduction band 
of In/\s lies below the top of the valence band of 
GaSb. Although our SCP calculation was not 
sufficiently accurate to detennine the band over
lap, many features of this interface were ex
hibited. 

Using the SCP in conj w1ction with the mixed
basis representation, the Mo (001) surface was 
examined. A complete analysis of the surface 
states was done by illustrating their distribu
tion in the two-dimensional Brillouin zone, the 
charge-density distribution and the local density 
of states. TI1e results are in good agreement with 
photoemission measurements. 111e calculation was 
extended to include a saturated monolayer of 
hydrogen on the ideal Mo (001) surface. 111is 
calculation was done for two values of the hydro
gen-substrate interlayer distance, 0.75 A and 
0.0 A. The fonner value gives a calculated work 
function in agreement with e:A1!eriment while the 
latter is too small by 50%. 1\vo adsorbate-induced 
bands are found to lie below the substrate bulk 
bands. of the intrinsic surface states found 
on the clean substrate continue to exist for the 
hydrogen-saturated surface but at slightly lower 
energies. Recent angular-resolved photoemission 
data give some support to these results. 

3. SUPERCONDUCTIVITY 

Research on superconductivity concentrated on 
nonphonon mecha11isms (Jl5,16; Rl4). Using our 
calculation of the energy band structure of CuCl, 
1ve concluded that this system is a direct band 
gap material. This result is contrary to the 
proposal by Rusakov which suggested a small in
direct gap model. This model was subsequently 
used by Abrikosov to explain anomalous diamag
netic properties of CuCl in terms of high-tempera
ture superconductivity. Abrikosov 1 s model was 
based on an electron-hole mechanism. Although 
our band structure model indicated that CuCl 
was not a good ca11didate for electron- hole super
conductivity, the mechanism itself was of suffi
cient interest to warrant further e:A']Jloration. 
Our detailed analysis showed that Abrikosov 1 s 
estimate of transition temperatures above room 
temperature was an overestimate. Renormalization, 
stability requirements and Coulomb effects sig
nificantly reduce this estimate. \Ve suggested 
that Umklapp and intervalley scattering might 
enhance the transition temperature. /mother 
nonphonon mechanism of current interest is the 
s-d or "demon" model to produce Cooper pairs. 
TI1is approach was used recently in an attempt to 
eJ-']Jlain anomalous properties of d-band materials. 
J\1 though our investigations did not bear on the 
above questions, preliminary results indicated 
that the s-d interaction can be promising. How
ever, more detailed and careful analysis is 
necessary before any definite conclusions can be 
reached. 
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RESEAECH PU\NS FOR CALENDAR YEAR 1980 

Projects plmmed for 1980 include more detailed 
calculations of the s-d mechanism for Cooper pair
ing. Surface and interface calculations include 
a SCP computation for the reconstructed Si (001) 
surface. Recent calculations 
predict possible reconstructions, and these will 
be tested using the SCP method. The Si-Pd inter
face will be examined, and the characteristics of 
the interface states of this Schottky barrier 
system will be detennined. A cubic-hexagonal ZnS 
interface (heterojunction) is being examined to 
detennine whether a synnnetry change across an in
terface will bind interface states. An analysis 
of the GaAs- AlAs mixed compow1d is in progress to 
detennine the charge density and electric field 
gradients for mixed-bond configurations. A frozen 
phonon calculation for Si \,rill be at the 
x-point of the Brillouin zone using the SCP method. 
First-principles pseudopotentials are now tabula
ted nwnerically; analytic forms will be tested for 
convenience in using these potentials. 
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CHEMISTRY 

1. Chemical Structure 

a. low Temperature Properties of Materials* 

Norman E. Phillips, Investigator 

1. USE OF A MICROCOMPUfER FOR ON LINE CALCULATIONS 
OF LOW TE!vfPERATURE HEAT CAPACITY DATA 

J. D. Boyer 

Although automated calorimeters with on-line 
data reduction capab1lity have been developed for 
use at temperatures above 4 K, full automation at 
lower temperatures has not been realized. In fact, 
automation is not as practical or useful at lower 
temperatures because the important sources of heat 
leaks are different and long intemal equilibrium 
times are more likely to be encountered. On-line 
data reduction, 1vhich is a natural feature of auto
mated operation, 1s, however, quite practical and 
offers several advantages over hand calculations 
done only after the data have been collected. In 
addition to the inherent time and labor savings, 
on-line processing allows an opportunity for tailor
ing the details of the experimental procedures to 
the specific experiment. Since the long time lag 
between data collection and review of the resultant 
heat capacities is eliminated, the judgment as to 
when adequate data are available 1s more certain. 

The development of the microprocessor and sup
porting integrated circuitry and their evolution 
into small but powerful and inexpensive computers 
makes implementation of a dedicated on-line comput
ing system much more practical. Not only is the 
cost an order of magnitude less than that of their 
predecessor, the mini-computers, but the simpler 
t1ming and bus control logic ease the task of inter
facing to a eli verse array of instnnnents. A micro
processor-based on-line data reduction system has 
been developed in this laboratory over the last 
several years. It has been in operation for the 
past year, and while further refinements will be 
made in the future, it has already proven to be a 
great advance in taking low-temperature heat capaci
ty data. 

The traditional heat pulse technique of measuring 
heat capacities is used with this system at present 
as it is the most general and reliable. The basis 
of this approach is to measure the change in tem
perature produced in a system by the introduction 
of a known quantity of energy. The quantities 
which must be cletennined are thus an initial and 
final temperature and the net energy input. The 
system description logically separates into three 
well-defined but tightly linked subsystems. These 

* This work was supported by the Division of 
~laterials Sciences, Office of Basic Energy 
Sciences, U. S. Department of Energy. 

are the thermometry system, the energy control and 
measurement system, and the computer and its operat
ing system ,,,hich links the operator and the other 
two segments. The structure and of each 
of these subsystems and their interaction with each 
other are described prior to evaluation of overall 
system perfonnance. 

Figure 1 is a block diagram of the thennometry 
subsystem. A four lead germanium resistor is used 
as a temperature sensor for its to retain 
calibration through many thennal cyclings and over 
long time periods. However, to span a wide tempera
ture range and achieve low power dissipation in the 
sensor it is necessary to work with signal levels 
of a few hw1dreds of microvolts. The change in 
signal for a temperature change of 10% ranges from 
20 to 80 microvolts. Therefore, achieving better 
than .1% precision in heat capacity measurement 
requires resolution of this signal to a few hun
dredths of a microvolt. Current 1s supplied to the 
sensor from a battery power supply and passes 
through one of several precision standard resistors. 
The potentials across the standard resistor and the 
sensor are brought into a six decade potentiometer 
with a resolution of ten nanovolts. The potentio-
meter has an internal switch matrix a read-
out of the dial positions which are by 
simple TTL circuitry and read by the computer as 
necessary. The galvanometer output from the poten
tiometer is amplified by a Keithly model 14 7 ncmo-
volt null-detector and displayed on a recorder 
for visual monitoring of temperature drifts. The 
ampllfied signal is also filtered and by 
a 3 1/2 digit D.V.M. for input to the computer. 
A real time clock, which is a of cascaded 
TTL counters driven by a 1 ~ll-Iz crystal oscillator, 
1s read along with the potentiometer sig11al. Col-
lected of voltage, V, and time, t, are used 
to derive a best fit equation for V(t). 

F:i.g. 1. Block diagram of tem;x:raturc mcC',surcJnent 
subsystem. (XBL 7912-13694) 



The low levels mandate the careful hand-
ling of spurious effects such as thennal emf's and 
zero offsets in the circuit and accurate 
measurement the signal gain. The measurements 
of these quantities are made by sending commands to 
the computer from a type1vriter style keyboard which 
cause the computer to execute a sequence of 
which determine the desired quantLty. For 
the operator enters a conunand consisting of the 
letter T followed by the return key. This informs 
the computer that it is to measure the thennal emf 
across the thennometer. The computer will then 
collect V and t measurements 1vhi.le deriving an 
equation Vn(t) until the operator decides that 
enough data have been accumulated and presses the 
space key, telling the computer to enter a pause 
state. The operator then reverses the direction 
of the thennometer current and the thermometer 
potential leads. When the signal has settled, the 
operator presses the return key, the com-
puter to begin deriving Vr(t). \\~1en the operator 
again decides enough data have been taken, the 
space key is again pressed at which the com-
puter calculates, displays and stores a thermal emf 
correction which is used to correct all measured 
thennometer voltages until the procedure is execut-
ed again. Zero offsets, and thennometer cur-
rents are handled in a similar fashion. 

The energy control and measurement system is dia
granmJed 1n Fig. 2. Energy measurement is much simp
ler as the measured potentials are two to three 
orders of magnitude larger than those encountered 
during temperature measurement. Current is provided 
by a de voltage standard and passes through a stand
ard resistor and a res1stance wire heater attached 
to the sample. The heater is switched on and off 
by a guarded lmv thennal relay under computer con
trol. A separate l MHz driven counter is used to 
measure the heat pulse width. The computer reads 
the heater current and for each heat ca-
pacity point by the potentials across 
the standard resistor and heater through a H.P. 
3455 D.V.M. operating in the high resolution mode. 
The measurement is enhanced by averaging multiple 
measurements of heater voltage and current. Intro
duction of energy, like other operations, is initi-
ated and terminated by conunand through the 
keyboard. Measurement energy is, however, 
completely automatic. 

p. COMPUTER 

207 

Fig. 2. Block diagran1 of energy control and measure
ment subsystem. (XBL 7912-13696) 

The final section illustrated in Fig. 3 is the 
operator control system. The operator enters com
mands and data into the computer through a type
writer style keyboard. The computer displays out-
put on a sixteen line by four character 
alphanumeric CRT. The display consists of updated 
values of important parameters as well as prompting 
signals denoting the status of operations in prog
ress. A teletype printer provides printed listings 
of selected raw data as well as listings of proc
essed results. An audio frequency based cassette 
tape provides program storage and also allows stor
age of raw data for reanalysis i.f desired. 

The computer is based upon a computer hobbyist 
system called the S-100 buss. The memory consists 
of forty kilobytes of read-write memory and eight 
kilobytes of erasable read only memory. The read 
only memory contains an assembly language based 
operating system as well as the routines for ex
tended precision arithmetic, number conversion, 
input-output routines, and an assortment of rou
tines for linking the instnnnent intel'faces to the 
computer. The read-write memory is used for both 
program and data storage. At present all program
ming is done in assembly language which, while 
somewhat inconvenient, offers maxjJmun speed and 
flexibility. 

The actual program used in taking heat capaCl
ties appears to the user as a conrrnand oriented 
language. The operator types a one- or two-charac
ter symbolic co1mnand followed by one or more argu
ments. In most cases, if a needed value of an 
argument is not given the last assigned value is 
used. The computer acts on these co1mnands and 
prompts the operator where an outside action, such 
as changing the position of a switch, is required. 
An updated display of ex~erDnental parmneters 1s 
ma1ntained on the CRT. These parameters include 
initial and final as well as current values for 
the1lllometer current, potentiometer setting, tempera
ture, value of the offnull signal, thennal emf, 
zero offset and sensitivity. Also displayed are 
the last value for heater current, potential, resis
tance, and pulse width. Available on conunand are 
values for many quantities such as total heat ca
pacity, addenda heat capacity, their difference, 
fractional temperature change and a munber of 
other quantities. 

MAGNETIC 64 CHARACTER 

TAPE 
ASC IT BY 16-LINE TELETYPE 

KEYBOARD ALPHA-NUMERIC PRINTER 
CASSETTE CRT DISPLAY 

l I 
~ r. I ,.. 

I I" COMPUTER I 

Fig. 3. Block diagram of operator·control subsystem. 
(XBL 7912-13695) 
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flexibility requires a large and versatile assort
ment of conuncmds. Except for a feH miscellaneous 
exceptions, conmwnds fall into four major cate
gories: data entry, control, computation, and out-
put. In acldi tion to the purpose enter com-
mand, whj_ch a value to cmy one of 
the named , are conunands which accept 
lists of values from the keyboard in specific for
mats for simpler operation. For example, one com
mand accepts sequentially the coefficient of a 
polynomial to be subtracted from each heat capaci-
ty point. Another data entry conunand allows ent1y 
of alphanumeric data defining titles for 
and data files. The control group consists of 
conmmnds Hhich initiate sequences of operations to 
measure quantities such as sensitivity, thermals, 
temperature drifts, and etc. This group also in
cludes comm<mcls to control the heater circuitry. 
The computational group controls fwKtions such as 
calculation of heat , evaluation of poly-
nomials, corrections curvature, and etc. Out--
put commands cause the computer to print lists of 
raw data, heat , and quantities such as 
(C-Cadclenda) /T for plotting. A few miscel-
laneous conunands control sampling rate, digital 
filtering, and dumping or retrieving data from 
cassette tape. 

A descnption of the procedure folloHed in tak
ing a single heat capacity point demonstrates the 
use of the system. Prior to a heat capacity point, 
parameters such as sensitivity, zero offset, and 
thennal emf's must be measured or defined. While 
sensitivity is very stable and varies little even 
from rw1 to rw1, both zero offset and thennal emf's 
depend upon the experimental environment and change 
from point to In practice, the variation is 
slow enough so that measurement at every other point 
is usually suffictent. The thermometer current 
supply is not a true constant current source, there
fore it is necessary to measure initial and final 
values for the thennometer current which varies 
with the resistance of the thennometer. The se
quence of operations is then to measure the ther
mometer current, take an initial temperature drift, 
apply , take a fi.nal temperature drift after 
the system settled 1nto a steady state, cmd 
read the final thennometer current. A single com
mand then initiates calculation of the heat capaci
ty, stores the rcnv data and computed results in the 

file, and clumps selected raw data to 

The calculation of a heat capacity point involves 
computation of the thennometer resistance as a fwlC
tlOn of time from the potentiometer setting, V(t), 
zero offset and thermal emf corrections, amplifier 

, and thennorneter current. Both the 

are 
energy input 
resistance. 
converted to 

final resistance as a function of time 
extrapolated into the center of the 
period to clcri ve an initial and final 
The init.ial and final resistcmces are 
temperatures by third order Lagrangian 
of a dense table of temperatures 

from smoothing a set of calibration. The 
energy, computed as the product of the heater volt
age, current and pulse width divided by the tem-
perature yields the uncorrected heat 
capacity. Correcttons include subtraction of an 
addenda heat capac1ty, calculated by interpolation 
of another table, possibly subtraction of a poly-

nomial of up to twelve ten11s, and correction for 
curvature based on a Taylor series expansion of an 
assumed power lmv temperature dependence of the 
heat After collection of a set of heat 

can be printed on the tele-
type for 

The system has been in use for about one 
and has met or exceeded all expectations. acldi-
tion to elinunating the long time lag between data 
collect.Lon and review of the results, the inevita
ble htunan errors in manual workup have been greatly 
reduced. Furthennore, the signal inher-
ent in digital sampling and curve fitting enhance 
the signal-to-noise ratio and results in a notice-
able Current work on the 
system conunancl structure 
and 1mprovement in swnpl1ng 

2. LOW-TEMPERATURE HEAT CAPACITY OF AuGd, A WEAKLY 
INTERi\CTING SPIN GLASS -

IV. E. Fogle and N. E. Phillips 

Some time ago the effect of low concentrations 
of Gel in Au on the Kapitza resistance to 31-fe was 
studiecl.l It was hoped that the indirect exchange 
interactions between the Gd ions via the RKKY mecha
nism would be weak enough so that the Gel ions would 
behave approximately as free sp1ns and provide a 
mechanism for heat transfer by magnetic-dipole 
coupling to the 3!-Ie nuclei as was believed to hap
pen at the cerium magnesium nitrate - 3r!e interface. 
Although there were no independent eX}Jerimental 
data from which the Gel-Gel exchange interaction 
could be estimated the Au Gel - 3r!e Kapitza resis
tance did turn out to beanomalously low. Shortly 
thereafter heat measurements were under-
taken on AuGd to an estimate of the strength 
of the interaction. It was also expected 
that the results would be of interest in connection 
with theories of the properties of spin 
glasses. The well defined localized 
moments for ions should be easier to 
treat theoretically than the virtual bound states 
that occur in the theory of solutions of 3d ions in 
noble metal hosts, the type of spin glass on which 
most measurements have been made to elate. The 
measurements were made using gennanium thennomcters 
that had been calibrated only approximately below 
0.3 K. A detailed analysis of the results was post
poned until the results of the more accurate ther
mometer calibration that was recently completed 
were available. At this time the main features of 
the results can be given a qualitative interpreta
tion but, as will be brought out in the following, 
there arc significant crystal-field splittings 
that make a comparison with 
theories of spin inappropriate. 

Heat capacity measurements were made on "pure" 
Au and Au-Gel alloys with nominal Gel concentrations 
of 0.01, 0.05, and 0.2 at%, cmcl from 0.07 K to 



above 20 K. measurements on Cu on 
same temperature show the e:tqJcctcd yT + 
temperature to the lowest tempera-

tures confinning accuracy of the scale. The 
gold show a 3% upturn at the lowest tempera
ture which is therefore presumed to arise from mag-· 
netic impurities. In calculating the excess heat 

assoc La ted with the Gel in the Au-Gel alloys 
the actual measured heat of includ-
ing that of the , was subtracted. 
Thrs is of course not justified but the mag-
nitude of associated errors is small. 

The results arc shmm in Fig. 1 as the excess 
heat (over that of pure Au), C, divided 
by the concentration of Gel in at %, c, vs log T/c. 
The maximum in C is observed only for the 
most concentrated alloy, and at approximately 
0.18 K. This characteristic "ordering temperature" 
rs smaller than that of CUJvh1 alloys by a factor of 
25. From this result andfrom the magnitude of C 
one can obtain rough estimates of the strength of 
the local moment-conduction electron exchange inter
action. It is, for example, a factor of 5 to 8 
smaller than in CUJ\·ln. For the 0.01 and 0.05 at % 
samples the maximum occurs below the lowest tempera
ture of the measurements. 

M1en one attempts a more detailed comparison of 
the heat capacity with existing spin-glass theori.es 
substantial discrepancies become apparent. First, 
for low concentrations the strength of 

the interaction varies as riJ where rii is the dis

tance between two Gel ions. This leads" to a "law of 
corresponding states" such that C/c should be a uni-
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Fig. 1. The heat of Au-Gel alloys in excess 
of that of pure Au, by-the concentration, c, 
and plotted as a funct.Lon of T divided by c. Units 
are mJ/mole of alloy - K for C, at % for c, and K 
forT. (XBL 7912-13697) 
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versal ftmctlon of T/c. Although exact agreement 
with this result has never been observed, the devia-
tions shmm in 1 arc substantially greater 
than those foUJKl other systems at comparable con-

Second it also follows from the fonn 
the h_i_gh-temperature 

limit, the 
of AuGcl cannot be bttecl by this tem-

depenclencc, although it is observed in 
for which the necessary data arc 

including, for example, CUJ\b1. The quanti-
tative with spin glass 
probably assoc:Lated Hith crystal field 
Although one a 8s state for the ion 
crystal field can occur as a result of 
mixing with by the spin-spin 
interaction. resonance clata2 on AuGd 
can be terms of a zero- field 
ting of the two-fold degenerate 

level and two- fold 
excited levc;ls at 0.033 and 0.088 K, respectively. 
The overall splitting is too small to cause a 
error in the estimate of the strength of the ex-

intero.ctLon mentioned above, but :i.t seems 
very probable that it can accotmt for the 
tive discrepancies with sp:i.n glass theory. 

* * * 

1. 0. Avenal, M. P. Bergltmd, T. G. Gylling, 
N. E. Phillips, A. Vetlcseter, ancl M. Vuorio, Phys. 
Rev. Lett. 31 76 (1973). 
2. E. P. R. Chui, D. Davidov, R. Orbach, 
D. Shaltiel, L. J. Tao, Phys. Rev. Lett. ]]_, 
582 (1971). 

RESEARCH PLANS FOR C:ALENDJ\cl{ YEAR 1980 

Norman E. Phill 

We will continue to apply a or part of our 
effort to problems in very-low temperature ther-
mometry related to hc;at measurements on 
3He. The new dilution has been in-
stalled in a cryostat and has been used several 
times but so far it has not gone below 10 mK except 
in the "one-shot" mode. (The failure to meet speci
fications may be associated Hith limitations on the 
pumping speed that is available.) At this point we 
are devel of three kinds for attach-
ment to (1) for thermometer 

to ca1ibrate diluted 
nuclear oriento.tion <md 

nuclear the11nometers; (2) for heat 
capac:L ty measurements on 3rre using a diluted C!Y!N 
working thermometer; (3) for extending the tempera
ture range of these measurements to below that of 
dilution by add_Lng a nuclear cooling 
stage. 

;\-leasurements of heat under 
had been discontinued 
tion system described in was being 
developed. Since these measurements depend on tak
ing large numbers of data points with high preci-
sion and for a series of ·they can now be 
made much more Work on the pressure 



dependence of the heat capacity of metallic Ce has 
been resumed. 

The collaboration with Neil Bartlett's group on 
the heat capacities of intercalated graphites was 
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set back by the discovery of run-to-run irreproduci
bility in the measurements on a single sample. 
This has recently been shown to be associated with 
absorption of Nz, and work on new samples will be 
continued. 



b. Electrochemical Processes* 

C. W. Tobias, Investigator 

Introduction. The purpose of this program is 
to advance scientific methods for tho analysis of 
scale-·dopendent cell processes and to provide means 
by which the design and operation of such processes 
may be optimized with respect to energy efficiency 
and capital cost. Physical description and quanti
tative characterization of transport of charged and 
uncharged specie to and from electrode surfaces 
by convective diffusion represent a core interest 

2ll 

in this program. The analysis of high rate pro
cesses, such as electromachining and electroforming, 
is undertaken to point the way to new applications 
in electrometallurgy. A smaller part of this pro
gram is devoted to the exploration of electrochem
ical synthesis processes. Emphasis is placed on 
investigations in aprotic solvent systems which 
may be of potential use in galvanic cells, or in 
electrowinning or refining of reactive metals. 

1. GAS-ELECTROLYTE- ELECTRODE INTERFACES--PRIMARY 
POTENTIAL fu~ CURREN1 DISTRIBUTION AROUND A BUBBLE 
ON AN ELECTRODEt 

Paul J. Sides and Charles W. Tobias 

The effect of gas dispersed in an electrolyte 
on the effective conductivity can be predicted 
with satisfactory accuracy .1 However, bubbles 
still attached to the electrode surface may cause 
a significant ohmic loss, especially in electroly
sis at high current densities. As a first step 
toward developing a quantitative method for predic
ting this effect, we have solved the Laplace 
equation for a single dielectric sphere touching 
an equipotential plane when tho field is linear 
at large distances from the plane. Tangent sphere 
coordinates were used, as described by Moon and 
Spencer2 and an analytical solution was obtained 
following a development similar to that of Witze 
et al. 3 

The field around the bubble and the dimension
less current distribution on the plane electrode 
are shm,rn in Figs. 1 and 2, respectively. Zero 
at the contact point, the current density reaches 
only 1% of its undisturbed value at 30% of the 
radius. A current density maximum exists somewhat 
beyond the area shadowed by the sphere, exceeding 
that at large distances. Since the current flowing 
to an area of 0. 0 9 r2 is negligibly small, we can 
insulate this area with a surface coinciding with 
a surface of flow, and calculate the contact angle 
with which a nearly spherical bubble having this 
base area would meet the planar electrode. This 
angle is 17. 5 a. We conclude that at least for a 
primary distribution the effect of a tangent in-

* This work was supported by the Division of 
Materials Sciences, Office of Basic Energy 
Sciences, U. S. Department of Energy. 
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Fig. 1. Potential field around an insulating 
sphere tangent to an electrode. (XBL 793-997) 
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Fig. 2. Current distribution on an electrode 
around an insulating sphere. (XBL 793-998) 



sphere 1vell approximates that of a nearly 
bubble having a base area less than 

and a contact angle less than 17.5°. 

The effect of a s bubble on the ohmk drop 
to the electrode can no1v be evaluated. Dilute 
arrays of bubbles have negligible effect on the 
effective resistance bet\\'een electrodes, but at 
high current densities (> 0.5 amp/cm2) bubbles 
arc close to each other, and may fonn close-packed 
arrays on the surface. For the evaluation of the 
effective resistance of concentrated bubble arrays, 
there is no sui table technique available. 
For this reason we arc measuring the resistance 
of precise scaled-up geometric models that simulate 
a hexagonal array of bubbles 
attached to an electrode Results so far 
demonstrate that at low surface occupancy the well
kn01vll ~hA'Ivcll relation may be used to predict 
effective resistance w.L th reasonable accuracy, 
while at high surface coverage the resistivities 
somewhat exceed those predicted by the relation 
derived by ll!crcdith and Tobias for three-dimensional 

of dielectric spheres suspended 

* * 1: 

+ 
· Br:ief version of LBL- 87 45. 
1. R. E. illeredith and C. W. Tobias, Advances in 
Hectrochcmistry ::mel Electrochemical Engineering 
(Wiley, Interscience, New York, 1962), vol. 2, 
pp. 15-48. 
2. P. /-loon and D. E. Spencer, Field Theory Hand
book (Springer-Verlag, Berlin, 1961), p. 104. 
~C. P. Witzc, V. E. Schrock, and P. L. Chambre, 
Int. J. Heat Mass Transfer, 11., 1637 (1968). 

2. HICI! RATE ELECTROLYSIS PROCESSES--THE EFFECT 
OF SUSPENDED INERT PARTICLES ON LHliTINC CURREl\ITS 
TO A ROTATING DISK 

Davicl Roha, Rol [ II. ~luller, and Charles W. Tobias 

Ionic mass transport represents a serious limi-
tittion to higher speci fie rates in 
electrolysis and cell JJrocesses. The 
presence of moderately large volume fractions of 
small, inert particles in the has long 
been recog11izecl as intensifying mass transport in 
forced flo1v .1' 2 For a quantitative approach to 
evaluating the effect of the presence of suspended 
inerts we employed a rotating disk electrode, 
which very well understood hydrodynamic and 
mass transfer characteristics. Particle diJJneters 
investigated ranged from 0.2 - 250 micrometers. 

currents were measured for the reduction 
(0. 04 M) to ferrous (0. 2 ill) in 

presence of large excesses of NaOH M). 
Vohune fraction of inerts ranged from zero to 40%. 
Rota tiona 1 speeds of up to 2 870 rpm were employed, 
corresponding to velocity gradients of up to 
52,000 sec-1. 

The increase of limiting current with rotational 
speed, and its clepenclc:mce on vohune fraction of 
inert particles in the 1 - 5 wn diameter range, 
is sh01m in . l. The enl1ancement of limiting 
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Fig. l. Dependence of enhancement of mass transfer 
to a rotating disk electrode on the volume fraction 
of suspended inert particles. Size of sus-
pended glass 1-5 J.Ull. reaction: 
reduction of to ferrous cyanide in the 

of excess of NaOI-l. Disk diameter: 
(XBL 802-319) 

currents relative to the clear solution depends 
not only on vohnne fraction, but also 
on rotational speed. Further, for each rpm, the 
enhancement factor reaches a maximum beyond which 
it declines with increasing volwne fraction of 
inerts. This maximwn is the pronounced the 
higher the rpm ancl the eli ameter of the 
disk. The dependence of current on tu, 
the angular velocity, follows the fonn: 

where A is a constant, ancl the 
for clear solutions. As the 
is increased, n approaches 

Hhich depends on viscosity, We have 
found that the enhancement factor is ob-
tained when the diameter is roughly the 
same as the of the mass transfer boundary 
1 ayer. ~!aximwn enchancement factor, 3. 6, was 
observed at 2870 rpm, an average particle 
diameter of 8 microns. 
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1. D. C. Carbin and D. R. Gabe, J. Appl. Electro
chem. 5, 129 (1975). 
2. G.-Kroysa, P. Piontek, and E. Heitz, J. Appl. 
Electrochem. 2, 305 (1975). 

3. RESEARCH LEADING TO NEW ELECTROCf!EHICAL 
PROCESSEs-ANODIC PROCESSES IN PROPYLENE CARJ30NiHEt 

Suen-Man G. Yu, Philip N. Ross,and Charles W. 
Tobias 

Propylene carbonate, a solvent which demon
strates satisfactory stability in respect to strong 
reducing agents,l could serve as a medium for 
electrowinning of reactive metals from their simple 
salts, provided a suitable anodic reaction, e.g., 
liberation of a halogen, is possible without signi
ficant attack of the solvent. The possibility 
of direct decomposition of KCl to the metal and 
chlorine gas was chosen for investigation. The 
solvent from Jefferson Chemical Co. contains signi
ficant levels of various impurities, of which water, 
propylene oxide, and propylene glycols predominate. 
Following treatment with a 50-50 mixture of Linde 
type 13X and vacuum dried alumina, helium was bub
bled through the solvent overnight. The solvent 

was then distilled at 5 nnn , ;mel a head 
temperature below 65°C. The volwne % and 
the last 30% were discarded. The nriclclle fraction 
contained less them 2 ppm water, and less than 
5 ppm propylene oxide; the other impurities 1vere 
below the detection limit in the gas chromatograph. 
Contaminants in the solvent before and after purL
fication are sho\'111 in Table l. 

The effect of contact w L th chlori nc gas ~Vas 
evaluated both IVith simply bubbling the gas through 
the so} vent, and also by imoclically generating chlo
rine, in two different electro lysis cells. In cell 
no. 1, the anode and cathode compartments \vere not 

In cell no. 2, a Nanon 11425 membrane 
separated the two compartments, each containing 15 
cc electrolyte. Aliquot samples (2 p liters each) 
were taken through an airtight rubber septtun by 
means of a Sample results arc 
shown in 

It is noteworthy that the attack on the solvent 
slows down considerably after the initial period 
of rapid attack. Additions of up to 10 ppm water 
initially to the solvent resulted in increased 
rate of attack, but virtually the same decomposi
tion contents after 2 - 10 hours, as was observed 
without water addition. It is likely that 2 - 3 
ppm water present in the purified solvent has a 
major role in the decomposition mechanism, as a 
source of protons upon reaction with chlorine. 

Table 1. Contaminants in propylene carbonate before and after purification treatment. 

Impurity/decomposition product Before I After 

1. min 2 hrs > 12 hrs 

Water 

1.,2 and 1.,3 Propylene (1.,2) 
glycol 

(1,3) 

Propylene oxide 

Allyl alcohol 

Propionaldehyde 

Acetone 

Formaldehyde 

co 2 

H
2
0 

CH -CH-CH 
3 ! I 2 

OH OH 

c~ 2 -CH2 -C1
H2 

OH OH 

CH -CH-CH 
3 \ 1 2 

0 
H{:CH-CH2-0H 

H 
I 

CH 3-cH2-C"'O 

0 
II 

CH 3CCH3 

HCHO 

C02 

1.03-10
4 < 3 < 3 < 3 < 3 

rv2x10 4 < 1 150 2XlQ4 sxl.o4 

500 < 5 25 

200 < 1 < 10 500 1000 

< 1 { 200 

1. j < 1.00 < 

30 1.000 1000 

< 1000 < 1 not measured 

negligible not measured 

aResults presented here were obtained in an H-type cell; anolyte and catolyte were separated by a 
Nafion # 425 membrane. 0.5 M KA1C1.

4 
electrolyte. Figures refer to changes in composition in the 

compartment. The composition in the cathode compartment, where potassium was deposited. remained 
unchanged, corresponding to the "purified" solvent. 

anode 



A likely mechanism that could lead to the appear
ance of the degradation products is illustrated 
in Fig. I. Water has an autocatalytic role in 

Degradation Mechanism 

_£Q_ 

degradotron intermediate 

j H2o 

-H2o/. 
;H~ 

H2C~H 
c 'i"' 

OH 

_i\l_ly_Lcl_lc:ohol 

H3C'\.C/CH3 

6 
Acetone J'r()Jlj~'l_al_cfe_hysJL 

Fig. l. Proposed mechanism for the degradation of 
propylene carbonate contaminated with water, upon 
saturating it with chlorine gas. (XBL 799-4255) 

this decomposition process, and it remains to be 
established whether reduction of water content 
by a factor of 10 - 100 could stabilize the 
solvent in the presence of elemental chlorine. 
As confirmed by gas chromatographic analysis of 
the catholyte, and by the undisturbed progress 
of the potassiun deposition process, Nafion mem
branes effectively confine the dissolved chlorine, 
as well as the degradation products, to the anode 
chamber. 

* * * 

tBrief version of LBL-10069. 
I. Henry H. Law, "Studies on the Electrochemical 
Behavior of Potassium in Propylene Carbonate," 
Ph.D. thesis, LBL-llll, May 1979. 

214 

RESEARCH PLJ\NS FOR CALENDAR YEAR 1980 

l. Fundamental Studies of Mass Transport Phenomena 
in Electrochemical Cells 

Studies of Events Occurring at Gas-Evolving 
Electrodes. Measurements of incremental resis
tances offered by single- and multilayered dielec
tric spheres on electrode surfaces will be com
pleted, and the effective resistance will be 
correlated as a function of volume fraction and 
of void structure. A cell for measurement of 
resistance of actual gas bubble layers, already 
constructed, will be employed to measure differen
tial resistance by the interruptor technique. Work 
is continuing on the high speed cinematographic 
study of gas evolution on transparent and metal 
electrodes. 

High Rate Electrolysis Processes. After com
pleting measurements of the effect of suspended 
particles on the thinning of mass transfer boundary 
layers at rotating disk electrodes, results will 
be correlated, taking into consideration the basic 
mechanism by which suspended particles interact 
with the boundary Studies on high-rate 
anodic dissolution refractory compounds will 
include those of tungsten. The nature of the anion 
used, and the of binder present in the work 
piece, as they dissolution stoichiometry 
and surface roughness, will receive special 
emphasis. 

2. Anodic Processes in Carbonate 

For the electrolytic decomposition of alkali 
halides in propylene carbonate, the major stumbling 
block is the anodic reaction, because chlorine 
and bromine attack the solvent. A double membrane 
scheme will be evaluated, in which the anodic 
process will occur in aqueous solution, while the 
cathodic process--the deposition of alkali metal-
will proceed in propylene carbonate. A central 
compartment containing propylene carbonate will 
be separated from the anode and cathode chambers 
by an anion and a cation exchange membrane, 
respectively. In addition, the electrolyte in 
the central compartment will be continuously 
dehydrated through an external reprocessing loop. 
This scheme, if it proves feasible, could have 
applications in electroorganic synthesis processes 
as well. 

1979 PUBLICATIONS AND REPORTS 

Refereed Journals 

I. Frank R. fv!cLarnon, Rolf I-I. 
W. Tobias, 11 Interferometric Study 
tion Mass Transfer Boundary Layers in Laminar 
Channel Flow," I&EC Fundamentals l.§_, 97-108 (1979). 

Other Publications 

tl. Milan Jaksic and Charles \V. Tobias, "Hydro
dynamics Flow Visualization by the Electrochemical 
Method," Extended Abstracts, 6th Yugoslav Symposiun 
on Electrochemistry, DubroVllik, June 1979. 



2. Paul J. Sides and Charles W. Tobias, ''Primary 
Current and Potential Distribution Around a Bubble 
on an Electrode," Extended Abstracts vol. 79-2, 
Electrochemical Society, October 1 

~-~. Geoffrey A. Prentice and Charles W. Tobias, 
"Simulation of Electrode Profiles Undergoing 
Deposition or Dissolution," Extended Abstracts, 
vol. 79-2, Electrochemical Society, October 1979. 

Peter C. Foller, "The Kinetics and Mechanism 
of the Evolution of Ozone by the Anodic Oxidation 
of Water," Ph.D. thesis (with C. W. Tobias), 
University of California, Berkeley, November 1979. 

LBL Reports 

l. J. B. Riggs, R. H. Mulle1~ and C. W. Tobias, 
"A Model for Prediction of Work Piece Geometry 
for Electrochemical Hole Sinking," submitted to 
Hectrochim. Acta, LBL-6282 Preprint, Rev., 
December 197 9. 

2. Paul J. Sides and Charles W. Tobias, "Primary 
Potential and Current Distribution Around a Bubble 
on an Electrode,'' accepted for publication in the 
Joumal of the Electrochemical Society, LBL-8745 
Preprint, March 1979. 

3. Karrie Jo Hanson, "Interferometric Study of 
Mass Transfer Enhancement by Turbulence Promoters," 
M. S. thesis (co-directed with R. H. Muller), 
LBL-9038, April 1979. 

i-4. Henry H. Law, "Studies on the Electrochemical 
Behavior of Potassium in Propylene Carbonate" 
(Ph.D. UlL-9207, 1979. 

5. John F. Cooper, Rolf H. !Vluller, and Charles W. 
Tobias, "Periodic Phenomena During Anodic Dissolu
tion of Copper at High Current Densities," sub
mitted to J. Electrochem. Soc., LBL-9404 Preprint, 
Rev. , December 197 9. 
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6. Suen-Man G. Yu, Philip N. Ross, and Charles W. 
Tobias, ".An Investigation of the Degradation of 
Propylene Carbonate by Chlorine," LBL-10069, 
November 1979. 

Invited Lectures 

l. Charles W. Tobias, "A Close Look at Electroly
tic Gas Evolution," Symposium on Electrochemical 
Reaction Engineering, sponsored by the Society 
of Chemical the Industry and the Institution of 
Chemical Engineers, University of Southampton, 
England, April 18-20, 1979. 

2. Charles W. Tobias, "Gas Evolution at Elec
trodes," Bell Laboratories, tvlurray Hill, New Jersey, 
May 4, 1979. 

t3. Milan Jaksic and Charles W. Tobias, "Hydro
dynamic Flow Visualization by the Electrochemical 
Method," 6th Yugoslav Symposium on Electrochemistry, 
Dubrovnik, June 1979. 

4. Paul J. Sides and Charles W. Tobias, "Primary 
Potential and Current Distribution Around a Bubble 
on an Electrode," paper presented at l56th Meeting 
of the Electrochemical Society, Los Angeles, 
October 14-19, 1979. 

-t-5. Geoffrey A. Prentice and Charles W. Tobias, 
"Simulation of Electrode Profiles Undergoing 
Deposition or Dissolution," paper presented at 
l56th Meeting of the Electrochemical Society, 
Los Angeles, October 14-19, 1979. 

* * * 

t'Supported by the Division of Solar, Geothermal, 
Electric and Storage Systems, Office of Energy 
Technology, U. S. Department of Energy. 

fsupported entirelY. from University funds. 
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2. High-Temperature and Surface Chemistry 

a. High~ Temperature 

Leo Brewer, Investigator 

L. IUGll-TE\lPERATlJHE SOLID-ELECTROLYTE ELECTRO
MOTIVE CELL ME 1\SUPJ~\ll:1'TfS OF GENEHALIZED-LE\VIS
ACID- B/ISE J)JTEHACTIONS IN BINARY TRANSITION METAL 
AJJDYS 

D. Cooclman and D. Davis 

l\'ork \Vas carried out this past yerrr on electro-
motive cells a var of electrolytes made 
from , llfOz, and ThOz using CaO and Yz03 doping 
to increase oxygen anion conductivity. The elec
trodes arc made of mixtures of Ta2o5 wjth tantalum
iridium alloys cmcl mixtures of NbzOs and niobium·· 
pallaclilUn alloys combined with various standard 
electrodes. As the phase diagrams of some of these 
systems are incompletely known, the phase relations 
of these systems and a number of related systems 
are being investigated in a gradient furnace. Such 
a furnace, which is designed to obtain a steep 
temperature gradient along the length of the fur
nace, is being used to fix the temperature range 
of for a munber of the high-temperature 
phases of transition metal systems. 

* "i<.,• * 

Brief version of LBL-7691. 

2. IIICII-TE01PERJ\l1JIU: GASEOUS E'QUILIBRIA MEr'\SURE
i'rEl'ITS OP GENEMLIZED-LEIVIS·ACID-Bi\SE INTERACTIONS 
IN BIN!\.RY THANSITION ilEAL ALLOYS 

B. -J. Lin, D. Davis, J. Gibson and K. Miller 

Equihbration of water-hydrogen mixtures with 
the electrode materials is a useful method of 
obtaining thermoclynamj.c data for some of the 

that arc being studied using Solicl
ectrolyte Elect rochemj.cal Cells. This work has 

been carried out using a thennal balance provided 
by Professor J. W. Evans. As a given gaseous mix
ture of water and hydrogen is passed over a mixture 
of '-TbzOs and a niobitml-palladium alloy, variation 
of temperature causes a change from 1veight loss 
to weight 111is procedure brackets the 
equilibrilUn constant for the fonnation of the 
alloy by reduction of the oxide by hydrogen. As 
the thermodynamic data are knO\'m for water and 
for the oxide the thennoclynamic data for the 
alloy can be 

Thi.s \vork was supported by the Division of 
~~terials Sciences, Office of Bas1c 
Sciences, U. S. Department of 

Additional values are being obtained by equili
brating mixtures of oxides such as NbzOs and NbOz 
with an alloy of niobium and palladium. Diffusion 
couples also provide equilibrium phase boundaries 
that provide additional thermodynamic data. 

3. CRITICAL EVALUATION AND COMPILATION OF I·UQ-l
TEMPERI\TURE THER~10DYNAMIC DATAr 

L. Brewer and R. Lamoreaux 

After an effort covering Jnany years, a major 
milestone has been the completion of a tabulation 
of the thermodynamic data, diffusion constants, 
and phase diagrams for 100 binary systems of 
molybdenum. Our contributions will constitute 
three chapters of Special Issue No. 7: Molybdenum 
(Atomic Energy Review Special Issue on Molybdenum, 
Physicochemical Properties of its Alloys and 
Compounds: Vienna) which is currently scheduled 
to be published in December 1979. This achievement 
is noteworthy not only because of its value to 
scientists and engineers who will need the proper
ties of molybdenum and its compounds for the design 
of high-temperature systems, but because it also 
constitutes an important theoretical advance in 
that it has been demonstrated that bonding models 
are now available which can predict practical 
thermod)~amic values for metallic systems. These 
values can then be used to calculate phase diagram 
boundaries within practical accuracy ranges. 

* * * 
·:·Brief version of "Principles of Critical Evalua
tion and Compilation of Phase Diagrams and Thermo
dynamic Data," in Proceedings of the TMS-AIME 
Symposium on Calculation of Phase Diagrams and 
Thermochemistry of Alloy Phases, Milwaukee, 
Wisconsin, September 17-18, 1979. 

4. STABILITIES OF HOMONUCLEAP DIATOMIC MOLECULES' 

L. Brewer and J. Winn 

The bonding models that have proved to be so 
useful in predicting the thennod)~amic properties 
of condensed metallic systems have also been found 
to be capable of predicting thennodynamic data 
for gaseous molecules. This is of particular 
importance for the understanding of chemical 
behavior of materials ranging from gaseous atoms 
and diatomic molecules through metallic clusters 
to the bulk metals. In contrast to the solid 
phases for which elements such as Mg, Al, and Si 



promote from ~)pn-2 grolmd atomic states to spn-1 
valence states, thus increasing the munbcr of 
electrons used in bonding, the calculations indi
cate th;1t the bonding in diatomic non-transition 
gaseous molecules is not sufficient to offset the 
promotion , and thus that not all of the 
valence electrons arc available for bonding. 

111e alka li.ne earths provide a 
dramatic contrast in that the diatomic molecules 
are weakly bow1el Hith bonding comparable 
to those of the diatomic noble gases. In fact, 
it has been demonstrated that magncsillin vapor will 
behave as a pennanent noble gas at room temperature 
in a container coated with hydrocarbons to prevent 
nucleation of metallic .1 John Wi1m will 
discuss the alkaline 
in his section. 

1nc transition metals are found to be inter
mediate in behavior with some promoting to the 
same valence states as in the solid metal while 
others, particularly to the of the transi
tion series, promote to a smaller extent than i.n 
the solid metal. Values of the dissociation 
energies have been calculated for all diatomic 
molecules for which no data were available. A 
complete set of values for all clements from 
hydrogen to lawrenciwn will be published in 
December 1979 as a preprint for the Faraday Society 
Discussion to be held in England in 1980. 

* * * 
.,. 
·Brief version of LBL-9690. 
1. L. B. , Jr., R. D. Brittain, M. Duncan 
and C. H. Joyner "Unusual Behavior of Vaporized 
Magnesiwn under Pressure Conditions," J. Phys. 
Chem. 79 (12), ll83 (1975). 

5. TEPNARY PHASE EQUILIBRIA OF A-B-X SYSTEMS WIT!! 
X+B, C, N, AND 0. 

D. Goodman, D. Davis, J. Gibson, and K. Miller 

Previous studies of temary diagrams of this 
type by our group have demonstrated that valuable 
thennoclvnamic data can be obtained that arc diffi
cult to. obtain by other teclmiques. 1 In previous 
work A was zirconiwn and B was one of the clements 
in the series rutheniwn to silver or rheniun to 
gold. This work is now being extended to titanium, 
niobiwn, and tantalwn for the A clements with the 
same group of B el cments. ]11is work is being 
carried out in the tube furnace that we 
have been in previous studies up to 3200K. 
The pr aim of this work is to characterize 
strong Gcnernlizecl- Lewis-Acid-Base interact.ions 
between transition metals \vith unused orbitals 
ancl the platimun group metals. 

1. P. R. lYcngert 
Alloys of 
of General 
Metallic 

and L. Brewer, ''Transition ~Ictal 
Stability: An Ex;1mple 

Interactions in 
,:~, 83 (197:3). 
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The very strong interactions of transition 
metals of the left-hand side of the Periodic Table, 
which have wmscd cl orbi.tals, with platinllin group 
metals, which have non-bonding pairs of electrons, 
constitute a to bonding models to 
provide a prediction of the extra-
ordinary the resulting intennetallic 
compounds. These Gencralizcd-Lcwis-Acicl-Basc 
interactions bring about many surprisi.ng and 
unexpected chemical reactions. 

A three-fold attack on this problem will be 
continued to provide a check on the reliability 
of the various methods. High-temperature solid
electrolyte electromotive cell measurements on 
the tantalun- iridi.um and niobium-palladiwn systems 
will be checked by thcnnal balance cletcnninations 
of water-hydrogen equilibriun and by ternary phase 
equilibriwn involving interstitial elements such 
as boron, carbon, , and oxygen. 

Additional checks on the bonding models will 
be made using thennal gradient furnaces and dif
fusion couples to fix the temperature ranges of 
stability of phases undergoing peri.tectic reactions. 
A new project will be initiated to obtain experi
mental tests of the predictions of bonding models 
on the solute stabilization of the bee and hcp 
phases of Ti, Zr, and Hf. The initial studies 
will involve the transition metals from the fifth 
group of the Periodic Table through Cu, Ag, and 
Au. All of these metals, which have bee, hcp and 
fcc st111cturcs, are predicted by the model 
to stabilize the bee structures of Ti, , and 
Ilf because of their cl electron bonding. 'The 
available data sh0\1' no contradictions to the pre-
dictions of the model. All CA.1Jerimental 
results will be obtained to if the pre-
dictions of the model will continue to be 100% 
reliable. These studies will mainly cover the 
range of temperatures of 700 to 2000°C although 
some measurements may be extended to higher 
temperatures. 

With the completion of the molybclenllin monograph, 
compilation efforts will be reduced to a small 
fraction of our effort. However, some collabora
tion will continue with the JANAF Tables and a 
joint project 1vith Stanford Research Institute 
dealing with thcnnodynamic properties of 
oxide systems at high temperatures is under con
siclerati.on. 

1979 PUBLICATIONS AND REPORTS 
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l. K. Pitzer and L. Brewer, "Simplification of 
Thermodynamic Calculations Through Dimensionless 
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(1979). 
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3. Leo Brewer, ''High Temperature Science and 
Teclmo logy," Bay Area High-Temperature Conference, 
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b. Chemistry and Materials Problems in Energy Production Technologies* 

D. R. Olander, Investigator 

1. BUBBLE MIGRATION IN STRESS GRADIENTSi 

D. R. Olander 

During irradiation in a nuclear reactor, tho 
gaseous fission products xenon and krypton preci
pitate as tiny bubbles in the oxide fuel. The 
presence of these bubbles causes the fuel to 
expand against the cladding, which can thereby 
fctil by creep-rupture. Alternatively, if the 
fission gas bubbles are released from the fuel, 
the liberated gas internally pressurizes the fuel 
rod and constitutes a source of highly mobile 
radioactivity in the event of an accident which 
breaches the cladding. Prediction of gas release 
rates, which requires knowledge of the mechanisms 
of bubble mobility, is therefore of direct practi
cal significance. The release mechanism based 
upon bubble migration in the temperature gradient 
in the fuel is well established, but the possibil
ity of bubble Inigration in a stress gradient 
(which also exists in the fuel rod) has not been 
satisfactorily resolved theoretically. 

The velocity of biased migration of bubbles 
due to temperature and stress gradients in the 
host solid can be computed by "global" or "local" 
methods. The former technique determines the 
change in system free energy as the bubble is 
displaced in the direction of the potential gradi
ent, which is equivalent to calculation of the 
force on the bubble. Application of the Nernst
Einstein equation then yields the velocity. In 
the local method of analysis, the distribution 
of the temperature or stress on the bubble surface 
is calculated from the equations of heat conduc
tion and elasticity theory for a specified distri
bution of these potentials far from the bubble. 
The surface atom flows arc then determined from 
the flux equation which consists of a term con
taining the gradient of the chemical potential 
of atoms on the surface and one involving the 
surface Soret effect arising from the local 
temperature gradient. Stress gradients induce 
surface atom flows via the former term, and a 
connection between stress and chemical potential 
of a solid surface has to be established. Most 
analyses requiring such a relationship have in
correctly replaced the pV term of fluid thermo
dynamics with aV, where a is a single measure 
of the stress (e.g., mean nonnal stress or uni
axial stress). However, Gibbs' original investi
gation of this subject showed that the stress 
effect is contained in second order terms such 
as the strain energy, which is ~ a2v /E, and hence 
is only a/E;:; l0-3 of oV (E is Young's modulus). 
T11e chemical potential of atoms in a solid surface 
includes a surface energy component, which Gibbs 
also treated. Stress variations on the surface 
of a bubble cause corresponding chemical potential 

* This work was supported by the Division of 
Materials Sciences, Office of Basic Energy 
Sciences, U.S. Department of Energy. 

variations via the stress dependence of the solid 
atomic volume and elastic energy and by deviations 
from spherical shape, which activates the surface 
tension component of the chemical potential. The 
surface flows are converted to a surface normal 
velocity which, when expanded in spherical 
harmoni.cs, contains te11ns identified with volume 
change, translation, and distortion. 

Application of the analysis to a spherical 
bubble in vacancy equilibrium with the uniform 
hydrostatic stress component in the solid shows 
that a stress gradient cannot cause bubble motion. 
If the bubble can exchange vacancies with the 
host solid, additional contributions to the bubble 
migration velocity appear. The nonuniform tempera
ture or stress distributions far from the bubble 
set up nonuniform vacancy concentration distribu
tions in the solid around the bubble. The vacancy 
flows to the bubble in such a field are nonunifonn 
as well, and hence lead to bubble translation 
and distortion in addition to growth. The non
uniform bulk vacancy concentration also causes 
motion of the entire body containing the bubble, 
and careful attention must be paid to the proper 
frame of reference in determining bubble velocities 
when lattice vacancies are mobile. 

In addition, the local method of analysis can 
be applied to calculate the distortion of a bubble 
in a deviatoric stress state. This calculation 
is based on the requirement of uniform chemical 
potential of the solid atoms everywhere on the 
bubble surface. In the case of a bubble in a 
solid subjected to uniform uniaxial stress, the 
distortion is found to be small. 

The final application of the local analysis 
method is to a faceted bubble. Motion of such 
a cavity is controlled by the rate of nucleation 
of atomic ledges on the facets. A potential 
gradient affects motion by altering the nucleation 
free energy barrier on the facets at opposite 
ends of the bubble along the direction of the 
potential gradient. However, a faceted bubble 
is not driven by a stress gradient if the bubble 
is in vacancy equilibrium with the spatially uni
form hydrostatic portion of the external stress 
field. The magnitude of the velocity of a non
equilibriwn faceted bubble in a stress gradient 
is very much smaller than that achievable by a 
practical temperature gradient in a ceramic such 
as uo2. 

* * * 

tBrief version of LBL-9739. 

2. SOLUBILITY AND DIFFUSION OF RUTiiENIUM IN U02 

Rosa Yang and D. R. Olander 

Ruthenium is one of several noble metals which 
have significant fission yields in nuclear reactor 



fuels. 11w chemical and physical behavior of 
thi.s group of fission products has a strong in
fluence on the performance of the [uel during 
irradiation. Although ruthenium is a noble metal, 
the great stability of the Drewcr-type intermetal
lic compound URu3 can nmclcr rutheni.um reactive 
towards UOz. This chemical , 1vhich is 
accompanied by significant mobi.litv, \vas demon-
stratcxl by the foll01hng · 

A thin layer of powdered ruthen.ium metal was 
placed between two UOz wafers, the assembly cncap
st!lated in a refractory metal crucible, and an
nealed at ~zooooc in a hydrogen-containing gaseous 
atmosphere. After annealing for about 20 hours, 
the sample was cut in a direction perpendicular 
to the plane of the ruthenitun powders. 1 
shows a photomicrograph of a section of the uo2 
cut surface about 300 pm away from the interface. 
The grain bow1elaries arc seen to be decorated with 
a metallic phase (white) which electron microprobe 

showed to contain only unmitun and 
rutheniwn. No ruthenitun was detected within the 
UOz grains. An additional mqxoriment was conducted 
to detennine whether the ruthenitun mi 
grated as entities or whether the mechanism was 
one of solution of ruthenitun in the UOz followed 
by diffusion in atomic fonn, and precipitation 
as URu3 particles upon coolcl01m. To clarify this 
point, the ruthenitun powder was replaced by a 
massive rutheniwn disk. After a high temperature 
anneal, essentially the same type of rutheniwn 
migration as shmm in Fig. l was observed. Since 
the rutheniwn disk could not break up into small 
particles, we concluded that rutheni.tun dissol vcs 
in UOz and as atoms . 

111e next question to be answered was ~Vhether 
the diffusion process occurred via the 
boundaries or the UOz lattice. this 
test, ruthenitun powder was placed between two UOz 
s1ngle crystal wafers ancl the assembly was annealed. 

m 

Fi.g. 1. Rutheniwn precipitates outlining UOz grain 
bmmclaries after isothennal at 2250°C 
for 31 hr; tungsten capsule, Ilz(4%) (96%) atmo-
sphere; interface of po,,·dered Ru metal located 
200 pm to the left of the photomicrograph. 

(XBB 802-2016) 
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Post-anneal microscopy revealed that 
no rutheni.wn had the UOz single 
which demonstrates that the dissolution and 
fusion process occurs through the grain boundaries 
of the UOz. 

In order to obtain quantitative infonnation 
on the solubility and diffusion coefficient of 
ruthenitun in the grain boundaries of UOz, an 
mmealed specimen was polished parallel to the 
interface. Approximately 100 pm thick layers were 
ground off at a time and the rutheniwn-to-uraniwn 
ratio of the exposed surface was cletennined after 
each polishing step by x-ray fluorescence. 111e 
resulting data, illustrated in Fig. 2, was fitted 
to the solution of Fick's second law appropriate 
to the geometry of the eA")Jeriment. The curve dra1m 
through the data points in Fig. 2 shows the best 
fit, which produces values of the 
solubility (the maximwn of the curve times a 
calibration factor) and the diffusion coefficient. 
The excellent fit of a diffusion model to the data 
further substantiates the asstullption of a diffusion
controlled migration process. 

111e solubilities and diffusivities of rutheniwn 
in UOz cletenninecl as described above were found 
to be strongly dependent upon the crucible used 
to contain the specimen during the am1eal; both 
the solubility and the diffusion coefficient were 
much when the crucible was molybdenum than 
1vhen tungsten was used. The most reasonable 
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explanation of this bel1avior Ls that these proper-
tics of the Ru/U02 interaction arc de-
pendent on the stoichiometry of the At 
high temperatures, molybclemun is more permeable 
to oxygen than js , and in the former 
crucible, the more easily reduced by 
the gas in which the anneal 
is conducted. Since of uranilnn is 
higher in hypostoichiomctric urania (UOz-x) than 
in stoichiometric or h)1)erstoichiometric material, 
the reaction: 

U + 3Ru + URu 3 

is enhanced in reduced urania and greater ruthenium 
solubilities should be observed. 

3. THEJ~'v!AL GIV\DIENT BRING INCLUSION MIGRATION 
IN SALTi'!' 

D. R. Olander, ~!. Balooch, A. J. ~lachiels and 
S. K. Yag11jk 

Natural salt deposits contain small cubical 
inclusions of brine distributed through the salt. 
Temperature gradients, resulting from storing heat
generating nuclear wastes in the salt, can cause 
the inclusions to move through the salt. Predic
tion of the rate and amount of brine-inclusion 
migration is necessary for the evaluation of bedded 
or domed salts as possible media for nuclear waste 
repositories. 

An experimental investigation of the migration 
velocity of all--liquid brine inclusions in single 
crystal NaCl has been conducted. The inclusion 
velocity was measured as a function of inclusion 
size, temperature and applied temperature 
The mechanism involves the solution at hot 
diffusion across the liquid, and deposition on 
the cold face. 

All liquid inclusions were produced by drilling 
a 0. 3 nm1 diameter by 3 nun deep hole in an end (100) 
face of a 15 x 5 x S mm NaCl or KCl crystal. The 
hole was filled with deionized water and the crystal 
was sa11elwichecl between two copper blocks (which 
also served to generate the temperature 
field). By applying a temperature gradient of 
about 30°C/cm for two to five clays, all liquid 
inclusions with a size distribution ranging from 
7 to 150 11m could be produced. It has been sug
gested that migration velocities (and the pinning 
of small inclusions) can be the result of disloca
tion interaction with the inclusion. TI1erefore, 
one would suspect that a hole 
into the crystal would increase the dislocation 
density with respect to as-fabricated 
To avoid this problem, a sample was cleaved. One 
cleaved face was drilled and filled with liquid 
and then sandwiched with the other half prior to 
applying the temperature gradient. In this way 
the inclusions were formed in the drilled half 
and, by the temperature , moved to the 
fresh half. The results showed no observable 
change in the rate of these inclusjons 
with respect to earlier results. 

By applying temperature gradients in the [100] 
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cljrection, the inclusions flattened in a 
plane perpendicular to the thennal and 
assumed the fonn of thin square (See 
Fig. 1). Figure 2 shmvs the velociti.es 
of these inclusions measured in the two types of 
alka1 i halide Inclusions move 
about an order magnitude faster in KCl than 
in NaCl. This difference is clue in part to the 
larger temperature coefficient of salt solubilj.ty 
in KCl compared to NaCl, and to a larger inter
facial resistance to dissolution and/or crystal
lization in the latter soli.cl. Other data demon
strates a critical 
relationship which has important consequences in 
modeling the perfonnance of inclusions in nuclear 
waste For a size of inclusion, 
there is a minimum below which 
it wjll not all, 
fixed temperature gradient 
than a particular size can induced to move. 
111is aspect of the phenomenon is clue to the exis
tence of a nonzero supersaturation required for 
salt crystallization from solution or to a nonzero 
subsaturahon needed for dissolution. 

The data in . 2 exhibit a degree of scatter 
1vhich is far greater than the precision with which 
the velocities of a single inclusj.on can be 
measured. Such a phenomenon suggests the presence 
of a physical feature of the process which is not 
accounted for in the current theory: two possibili
ties come to mind. First, the kinetic resistances 
to dissolution or to crystallization and the 
departures from equilibritrrn required to induce 
these processes may depend upon the number of 
screw dislocations which intersect the faces of 
the inclusion, and thereby influence the migration 
velocity. Such a condition is stochastic in 
nature and 1voulcl lead to intrinsically 

in the velocities of inclusions with 
the same macroscopic parameters (e.g., size, 
temperature and temperature gradient). 

Second, the inclusions are mounted on the hot 
stage of the microscope by mechanically clamping 
between copper heating blocks. This procedure 
produces a state of stress in the specimen which 
may affect the migration velocity. The solubility 
of the salt is a function of the state of stress 

Fig. 1. Brine inclusion in single NaCl. 
(XBB 802- 2017) 
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at tbe dissolving and 
any stress gradient introduced 
mounting process can influence 
velocity. 

"J.: * * 

-!"Brief version of LBL-10252. 
:!: 

ing surfaces; thus, 
by the specimen 
the migration 

1Work partially supported by the Office of Nuclear 
Waste Isolation, U. S. Department of Energy. 

4. INVESTIGATION OF TilE IRON-GlLORINE REACTION 
BY MODULATED MOLECULAR BEAvl lllA.SS SPECTROiiOC:TRY 

W. Siekhaus, 01. Balooch and D. R. Olander 

TI1e reaction mechani.sms which are invol vee! when 
gaseous chlorine reacts with a solid iron surface 
maintained at high temperature have been studied 
by modulated molecular beam spectrometry, ESCA 
and laser-stimulated desorption. 
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During the reaction low pres-
sure a reaction product is the surface, 

in a thin continuous out of 1vhich 
protrude. ESCA studies, perfonnecl at 400°C 

and Pct 7 ~lo-7 Torr, show that more than one 
specics~is present. A laser-stimulated desorption 

during whi.ch em target heated to 
in an environment of 10- Torr in Clz is 

rapidly heated to a high temperature by a laser 
pulse of 16.5 Joule energy shows that both FeCI 
and FcClz desorb. 

Molecular beam data support the existence of 
a eli ffusion and two parallel reaction mechanisms. 
The diffusion could correspond to either chlorine 
diffusing into iron or iron diffusing into FeC1 2. 
The t1vo parallel reaction mech<misms arc probably 
a combination of Ely-Ridcal and Langmuir
Hinshclwoocl processes. 

A good fit to the data has been obtained with 
the foll01ving mechanism: 

H,D 
Cl (ads) ry Cl (solution) 

* ); * 

·:Brief version of UCRL-82524. 

5. OXYGEN SELF-DIFFUSION IN HYPOSTOIGUOMETRIC 
URAJ\JIA 

Kec Kim and D. R. Olander 

Oxygen self-diffusion in hypostoichi.ometric 
uraniLnn oxides is of importance in predicting the 
rate of oxygen redistribution and other physico
chemical processes occurring in an irradiated fuel 
pin. Although there have been many measurements 
of oxygen diffusion in oxides and in 
hypcrstoichiometric urania, similar measurements 
in hypostoichiometric urania have been proven very 
eli fficult mainly because it is a defect structure 
stable only at high temperature, and its OA.ygen 
diffusivity is likely to be large enough to render 
conventional mc:;thods unworkable U. e., gas 
mass transfer of isotopic exchange arc rate
limiting) . The method utilized here involves a 
diffusion couple consisting of u1 ~o2-x wafer 
sandwiched to a ul6o2-x waf~r by a bond of liquid 
uraniwn. \\~1en heated, the .L8Q and 16o inter
diffuse. The liquid uranium at tho mterface is 
intended to eliminate a gap resistance to oxygen 
transfer. 
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1\vo identical U07 Hafcrs, each 1. 3 em in dicun-
eter cmd 0. 93 mm thick, Here 'll1ey were 
pol1shcd by cllamond abras1ve to promote a good 
contact. The 16o 111 one of the Hafers was ex
changed by l8o using an rr218o-H2 mixture at 1500°C: 

The ratio IIz18o/Ilz Has approximately 10-Z, which 
yielded the oxygen potential ::or UOz. 00 at the 
temperature. The desired Ir21So;Hz ratio was ob
tained by fl01ving hydrogen through I-r 218o the 
temperature of which was controlled. By measuring 
the Height of the \1'afer before and after a 43-hour 
treatment, tt was detennined that approximately 
70% of the 160 was replaced by 18o. The same 
procedure was exactly applied to the other UOz 
wafer (using normal Hzlbo) in order to have the 
scune history. Then the samples Here reduced at 
the scune time by hydrogen at 1950°C: 

TI1e stoichiometry of the reduced scunples was 
determined by thennogravimetric method to be 1. 96. 
T1ms, the diffusion couple consists of two nearly 
identical wafers of U02-x' the only difference 
being the oxygen isotope content. \\'hen annealed 
in the diffusion experiment at a temperature well 
below the reduction temperature, liquid uranium 
metal is present in the and the oxygen-
to-metal ratio of the phase is buffered at 
the value corresponding to that of the lower phase 
boundary at the diffusion temperature. TI1is 
procedure was necessary in order to maintain a 
lmoHn oxide stoichiometry during the diffusion 
anneal. Single phase substoichiometric urania 
would risk composition changes during the experi
ment by o:A·ygen exchange with the furnace 

1 shows the set-up of the diffusion experi
ment. The diffusion couple 1vas enclosed by 
molybdenum plugs. Rhenium foDs were used in 

Rhenium 
fo i Is 

Molybdenum 

Tantalum 

Molybdenum 

Uranium metal 
bond 

Molybdenum 

. 1. Apparatus for mounting a diffusion couple 
to measure oxygen self-diffusion in UOz-x· 

(XBL 802-260) 

order to prevent any possible reaction between 
molybdenum and urania. TI1e two wafers were 
by a tantalum rod in order to promote a better 
contact. After the experiment, the diffusion 
couple \vas cut in half perPendicular to the inter
face and the profile of l8o concentration was 
obtained by using an ion microprobe. 

Shown in Fig. 2 is the normalized profile of 18o 
concentration after a 20-minute anneal at 1330°C. 
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Fig. 2. Distribution of ox:ygen-18 in the diffusion 
couple after annealing for 20 min at 1330°C. 

(XBL 802-259) 

The lower phase boundary at this temperature cor
responds to U01.985· Data were fitted to the 
analytic solution: 
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oxygen self-diffusion coefficient 
constants 
time 
distance from the interface 
thiclmess of the wafer 
Unknmvn dimensionless parcuneter which 
characterizes liquid uranium resistance 
to oxygen transport (If there were no 
resistance, B oo). 

(1) 

Fitting the data to Eq. (1) using the least square 
_7 2 

program MINUIT gave D = 0.89xl0 ' em /sec and 
B = 71. In the absence of the uranium bond between 
the two \vafcrs, the interface resistance would 
have been so large that gap transport rather than 
solid state diffusion would have controlled the 
kinetics of the exchange. Thus, the method appears 
to be suitable for measuring the diffusivity of 
the very mobile anion in U02-x· 



6. THE THEORY OF URAJ'liU!vl El\qUOIMENT BY THE GAS 
CENTRIFUGe 

D. R. Olander 

TI1e next series of uranium enrichment plants 
to be constructed in the United States for produc
ing fuel for light water reactors will utilize 

centrifuges. TI1eoretical understanding of 
hydrodynamics and separative capabilities of 

the centrifuge is needed to predict perfonnance 
of the device. The gas centrifuge shmm in Fig. 1 
consists of a rotor containing uranium hexafluoride 
gas and spi1ming at high speed. TI1e primary separa
tion effect is the depletion of the gas at the 
periphery in 235uF6 , clue to the centrifugal force, 
leaving the center enriched in this species. This 
effect alone, ho1vever, is not sufficient to make 
a practical isotope separation device. In addition, 
a weak countercurrent gas circulation shmm by 
the arrows in Fig. 1 is induced by applying a 
temperature gradient along the length of the rotor 
wall. 'I11e resulting internal circulation has the 
effect of changing the direction of isotope separa
tion from radial to axial, thereby pennitting 
extraction of enriched product from the top and 
depleted waste from the bottom, which renders the 
machine practical for large-scale uranium enrich
ment. 

In order to predict the extent of isotope 
separation clue to the combined effects of the 
radial centrifugal field and the axial gas circula
tion, it is necessary to solve the equations of 
motion for the gas in the rotor. Onsagerl first 
demonstrated that this set of conservation equa
tions could be reduced to a single sixth order 
partial differential equation which can be solved 
by the eigenfunction expansion method. 

Once the velocity profiles in the rotor have 
been determined, the diffusion-convection equation 
must be solved to determine the degree of isotope 
separation in the device. This solution is 
effected by adapting Onsager's method originally 
devised for analysis of the thennal diffusion 
column. 

The theoretical analysis thus produces a pre·· 
diction of the separative power of the centrifuge 
as a function of the throughput (feed rate) and 
cut (ratio of product and feed rates) at which 
the machine operates. This function is called 
the performance function of the centrifuge and 
is the basic infonnation needed to design an ideal 
cascade composed of a large number of centrifuges, 
1vhich constitutes an isotope separation plant. 
Operation of centrifuges in an ideal (i.e. no-
isotope mixing) cascade effectively fixes cut 
at which the centrifuges must operate. The classi
cal ideal cascade is symmetric in the sense that 
the waste from a stage is sent to the stage 
immediately below for further stripping and the 
product is delivered to the next stage up for 
additional enrichment. The cut which this sort 
of cascade requires of its constituent centrifuges 
is well below the maximum separative power of the 
latter. However, it is possible to invent other 
cascades, which are still ideal or no-mixing, 
which better exploit the separative properties 
of the individual centrifuges. 'I11e computed 
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Fig. l. A gas centrifuge for uranium enrichment. 
(XBB 793-3060-A) 

perfonnance functions for the centrifuges studied 
show that the separative power increases as the 
cut decreases. In order to utilize this feature 
of the physics of the machines, they must be 
operated at as low a cut as possible, which can 
be accomplished in an asymmetric ideal cascade. 
In this type of cascade, the product from a stage 
is delivered two stages forward instead of just 
one. It is shmm that by use of this tyve of 
cascade, more separative work can be extracted 
from a gas centrifuge, and therefore the cost of 
producing enriched uranium by this method i.s 
correspondingly reduced. 

*** 

version of LBL-10253. 
l. Lars Onsager, ''Approximate Solutions of the 
Linearized Flow Equations," SWL0-001 (1965). 



FESEi'JzCH P!Ju"lS FOR CALENDAA YEAA 1980 

The projects Hill continue to investigate the 
high temperature chemical and physical behavior 
(Hith emphasis on kinetics) of reactions pertinent 
to nuclear reactor fuels and other energy produc
tion technologies. The vacuum vaporization 
of UOz project Hill seek to determine the high 
temperature evaporation kinetics of UOz by laser 
pulsing of solid specimens coupled with fast 
pyrometer temperature measurement and in situ mass 
spectrometric detecti.on of the vaporization pulse. 
The electron-bombardment-heated temperature gradi 
ent furnace will be used to complete the investiga
tion of ruthenium mobility in U02 by providing 
a variable temperature environment which permits 
the activation energy for diffusion to be deter
mined in a single experiment. The study of oxygen 
self-diffusion in hypostoichiometric urania will 
provide data on this transport property at a series 
of temperatures along the lower phase boundary 
U(iL)/U02-x· The zircaloy stress corrosion cracking 
e:Arperiment will be directed towards determination 
of the of cesiun iodide as a stress 
corrosion cracking agent. Analysis of the desorp
tion kinetics of water from U02 will be completed 
and a model for this process developed. The 
project of thermal gradient migration of liquid 
brine inclusions in NaCl (partially supported by 
ONWI) will examine the effect of dislocations in 
the solid and applied stress gradients on the 
migration process. The silane cracking experiment 
using modulated molecular beam methods will use 
isotope exchange techniques to elucidate the 
mechanism of the surface reaction. 

1979 PUBLICATIONS AND REPORTS 

Refereed Jou1uals 

1. D. R. Olander and S. Shann, "Iodine Stress 
Corrosion Cracking of Zircaloy," Trans. Am. Nucl. 
Soc . .:g, 268 (1979). 

2. D. F. Olander, "Separative Performance Tran
sients in a Gas Centrifuge," Nucl. Technol. 44, 
307 (1979). 
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3. D. R. Olander, "Separation of Flowing Gas 
Mixtures by Thennal Diffusion," High Temp. Sci. 
10' 223 (1979). 

4. D. R. Olander and M. Balooch, "Platinum
Catalyzed Gasification of Graphite by Hydrogen," 
J. Catalysis 60, 41 (1979). 

Other Publications 

1. D. R. Olander, "Overview of Fuel Element 
Design," Mechanical Engineering, p. 30, April 
(1979). 

LBL Reports 

1. M. Balooch and D. R. Olander, "Migration of 
Brine Inclusions in Single-Crystal NaCl," LBL-10252. 

2. D. R. Olander, "Bubble Migration in Stress 
Gradients," LBL-9739. 

3. D. R. Olander, "The Theory of Uranitun Enrich
ment by the Gas Centrifuge," LBL-10253. 

4. W. Siekhaus, M. Balooch and D. R. Olander 
"A Molecular Beam Study of the Iron-Chlorine ' 
Reaction," UCRL-82524. 

5. D. R. Olander and A. J. Machiels, "Thermal 
Gradient Brine Inclusion Migration in Salt Study: 
Gas-Liquid Inclusions--Preliminary Model," 
LBL-10275. 

Invited Talks 

1. D. R. Olander, ''Uranium Enrichment by the Gas 
Centrifuge Method," Massachusetts Institute of 
Technology, Department of Nuclear Engineering, 
March 19, 1979. 

2. D. R. Olander, "Thennodynamic Treatment of 
Bubble Migration in Potential Gradients," 
Symposiun on Rare Gases in Metals and Ionic Solids, 
I-!anvell, U.K., Sept. 13, 1979. 



c. Plasma Enhanced of Thin Films* 

D. W. Hess, Investigator 

l. PLASMA-El\H!J\NCED DEPOSITION Of IRON/IRON OXIDE 
FILMS 

D. M. Wroge and D. W. !less 

/llag11etic thi.n films have been of great intGrest 
for many years, owing to their wide applicability. 
for instancG, current applications range from 

recording tape to disks for bulk 
computer memories, to nwgnetic recording heads, 
and finally to the recent bubble memory 

()) 

> 

0 

()) 

cr: 

48 

300°C 

44 

100 watts 

10 

40 36 32 
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Fig. 1. X-ray diffraction patterns observed for 
iron/iron oxide films deposited at 300°C as a 
function of rf power. T11e peak at 45 o is clue to 
cx-Fe, and the at 36° is clue to Fe3o4 and 
y-Fe203' (XBL 7910-7227) 

* This work was supported by the Division of 
Materials Sciences, Office of Basic Energy 
Sciences, U. S. Department of 
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devices. A specific application depends strongly 
upon the magnetic properties of the film, which 
in turn arc detcnnined by the structure and 
chemical properties of the film. 

Thin films (1-2 )Jln) of iron/iron oxide w0re 
deposited striking an rf glow discharge in iron 
pentacarbonyl vapor at~ 0. 2 Torr pressure. Unlike 
the powdery deposits obtained from thermal decom
position of iron pentacarbonyl, plasma-enhanced 
cl0position (PED) results in reflective, adherent, 
and uniform films. 1110 crystallinity of the PED 
:Films, as measured by x-ray diffraction and by 
transmission electron microscopy, increases with 
increasing substrate temperature. Further, the 
diffraction intensity of the ex-ion peak decreases 
with increasing rf power level, as shown in Fig. 1. 
These results indicate that the relative amount 
of amorphous iron (or iron as Fe304 or y-Fe203) 
in the film increases with power, and this trend 
is probably a result of an increase in electron 
and/or ion bombardment as well as enhanced incorpo
ration of carbon and OAygen from decomposition 
of CO molecules at the higher power levels. Chemi
cal analyses substantiate this latter conclusion, 
since the film stoichiometry varies from 
FeOo.9CO.l8 at lOW, to Feo0. 52c06 z3 at 100 w, when 
the substrate temperature is 300 C. 

Magnetic properties of the iron/iron oxide films 
are determined by measuring the inductance (B) of 
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Fig. 2. Coercive force (He) of the iron/iron oxide 
films as a function of substrate temperature and 
rf power. (XBL 7910-7232) 



the films as a function of applied ftelcl 
(!-!). For our system sensitivity, no magnetization 
curves (B vs. H) arc obtained for substrate deposi~ 
tion temperatures bclO\v l50°C. Above 150 oc, the 
shape of the magnetization curve is a strong func
tion of the rf pmver and substrate temperature. 
The coercive force (He) increases with increasing 
substrate temperature and rf power level as shown 
in . 2. Since an increase in II is generally 
clue to structural imperfections an~ inhomogeneities, 
it appears that an increase in power increases the 
number of structural defects in iron films, as 
discussed previously. Similarly, the ratio of 
the remanent induction (Br) to the saturation 
induction (Bs) increases with increasing substrate 
temperature and power. Therefore, PED allows the 
magnetic properties of iron/iron oxide films to 
be varied during deposition. 

RESEARCH PLANS FOR CALENDAR YEAR 1980 

Extensive kinetic data will be taken so that the 
deposition rate of iron/iron oxide films can be 
expressed as ftmctions of various plasma parameters 
such as gas pressure and rf power. These studies 
will generate insight into the relationship between 
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plasma variables, plasma chemistry, and the result
ing film properties. 

In order to utilize magnetic films in solid 
state devices, it is necessary to patten1 these 
films. Thus, acid baths such as I~ICl will be 
studied in order to detennine the appropriate bath 
conditions (temperature, pi-!, etc.) for controllable 
pattern definition. Scam1ing electron micrographs 
of pattern cross sections will be taken so that 
the exact pattern geometries resulting from various 
etching procedures can be investigated. 

1979 PUBLICATIONS A\1]) F.EPORTS 

Other Publications 

1. D. W. Hess, "Process Technology of Silicon 
Integrated Circuits," in Chemical Technology~, 
432 (1979). 

LBL Report 

1. D. M. \liroge (M. S. thesis), with D. W. ]~]ess, 
"The Plasma Enhanced Deposition of Iron and Iron 
Oxide Thin Films," LBL-9879. 



d. Electrochemical Phase Boundaries 

Rolf H. Muller, Investigator 

of th.is 1vork is to 
advance boundary 1 :1vers and 
thin films at electrochemical intcrf~ccs·. Chemical 
and physical processes at electrochemical phase 
boundaries are invest , primarily by experi-
mentil1 means, to clctc11nine mcch2n isms of 
and Cilm lonw1tion, to find new means to 
electrochemical m;lss-tr:msport ancl to define the 
effect of surface layers on electrochemical pro
cesses. 

ll1e fonnation of soli.cl sur face 
is i.nvest.igatccl because such layers the 
chemical properties of most metals in liquid or 
gaseous environments. These layers are therefore 
unportnnt in electro-deposition and -dissolution, 
i.n the flmctioning of most batteries ancl in cor
rosion processes. Boundary layers at electrodes 
arc investigated because they control the chemical 
environment in which electrode processes take 

and because limit the rate, 
material-and energy of electro-
chemical processes. 

New e;qJcrimental equipment ancl techniques arc 
developed and used for the characterization of 
electrochemical phase boundaries. These include 

el Epsometcr that cc>_n 
vacmm1 teclmiqces and 

used with ne1v procedures for the 
measurements, and a laser interferometer of special 
design with new optical data , optical 
thi.n- fi.lm interference, and lrrser Doppler veloci
metry. 

Work on high-rate electro-deposition ancl 
-dissolution, conducted jointly with C. W. Tobias, 
is described in the section, ''Electrochemical 
Processes," C. W. Tobias, Investigator. Applied 
research, "/l.noclic Surface on Battery 
Materials,'' supported by the Division of Energy 
Storage Systems, Office of Conservation and Solar 

* 

DOE, is described under "Electrochemical 
ancl Energy 

This work was supported by the Divjsion of 
~btcrials Sciences, Office of Basic 
Sciences, U. S. Department of 

228 

1. USE OF FIL\1- FORMATION mDELS FOR TIIT: INTER
PRETATION OF ELLIPSOJI!ETER IIIEASURJ]IIENIS! 

RoJ f r-r. illullcr and Crrrig G. Smith'!' 

Multiple- film models of electrochemical surface 
lavers have been used to inte11Jret 
ellipsometer measurements anodic film fonnation. 
'D1c models consider the simultaneous or sequential 
formation of up to six layers with time-varying 
properties. Controlled mass -transport conditions 
arc maintained and mass-transport between layers 
is allowed to occur by diffusion, migration and 
convection. Continuous mass and charge balances 
are to the mathematical model. TI1e simul-
taneous measurement of current and potential pro-
Vlcles clclclitioml en th3 :.:ates ::Jf surface 
resctions and the nature of products fonned 
l and 2) . 

The t1vo measured parameters of an isolated 
ellipsometer measurement, nonnal ly pe11nits multiple 

The time-dependence of transient 
measurements, 1vhich can now be obtained with auto
matic instruments, however, penni ts a fuller use 
of the eA-"])erimental data. Tims, up to seven of 
the 22 parameters required to describe the model, 
have been considered unknown and have been deter-
mined by the ellipsometer measurements 
in multidimensional space. 

Limits of for the parameters thus 
derived have been detennined by fitting a parabola 
through the derivative of each parameter 
ncar the best fit. J\ linear regression analysis 
was also performed to identify independent varia
bles. A Monte Carlo routine was used to search 
the multidimensional space for multiple roots. 

* * * 
Brief version of LBL-9428, submitted to Surface 

_,Sci. 
rrresent address; Bell Laboratories, ~lurray Hill, 
N.J. 07974 
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Fig. 1. Time sequence of events used in the modeling of anodic film fonnation for 
the interpretation of in situ ellipsometer measurements. (XBL 787-9519) 
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Fig. 2. Interpretation of the ellipsometer measure
ment of anodic oxide fonnation. Comparison of 
experiment (+) and model prediction (x). Anodic 
fonnation of AgzO on Ag (100) in stagnant 0.1 M 
KOH at 0. 2 m A/cm2. Thickness of primary layer 
indicated along the curve. (XBL 786-9084) 



2. CQJ'.J\TENTIONS AND FOI\J\fULAS FOR USING TilE MUELLER
STOKES CALCULUS IN ELLIPSO~IETRY 

P. S. !Iauge,1' R. II. Jlluller, and C. G. Smith§ 

The effect of conventions and definitions on 
the of ellipsometer measurements had 
been analyzed earlierl and the 
tlOns proposed then have been 
since. 2 1\11ile only the state of 
described by t\Vo parameters (usually relative phase 
and relative amplitude) is considered in classical 
ell ipsomctqr, present developments, in addition, 
are concerned with rcfl ectance and partial 
zation. A complete description of light 
is then necessary for which the Parameters 
provide a conven.tcnt means. A munber of arbitrary 
choices, particulctrly the sign of the fourth Stokes 
Parameter, however arc again available. The effect 
of these choices on the Mueller-Stokes calculus 
has been investigated. Conventions are proposed 
and the formulation for converting the Jones matrix 
into the transfonnation matrix for the coherency 
vector or the Stokes vector are described. In 
order to maintain the previously cletc11ninccl prin
cipal conventions of ellipsometry and the estab
lished Mueller-Stokes matrix calculus, is has been 
found necessary to invert the coordinates on the 
Poincare Sphere. 

:j: 

* * * 

Brief version of LBL-10172, submitted to Surface 
Sci. 

I&\l Thomas J. \Vat son Research Center, Yorktown 
Heights, N.Y. 10598 

§Bell Laboratories, Murray Hill, N.J. 07974 
l. Rolf H. Jllullcr, Surface Sci. 16, 14 (1969). 
2. Proceedings 3rd InternationalConference on 
EJlipsometry, Surface Sci. 56 (1976). 

3. FOURTH INTET<J\!ATIONAL CONFERENCE ON ELLIPSOJITETRY 

Rolf H. illullcr 

The Fourth International Conference on 
Ell \Vas held at LBL August 20-22, 1979. 
Five speakers opened sessions devoted to 
the different conference topics which were optical 
theory, instnunentation and tcclmique, and appli
cations. 111e invited review papers were followed 
by 38 contributed papers. Several important 
developments were brought into focus at the con
ference. i\mong them are the continuing development 
of the optical theory for reflection from rough 
and inhomogeneous surfaces, the usc of spectros

ellipsometry for the identification of 
states and adsorbates and new developments 

in corrosion and biomedical research. 111e con
ference 1vas attended by 103 participants from 15 
cotmtries. 111e proceedings of the conference, 
consisting of the full papers and a record of the 
discussions, will be published as a special volume 
of Surface Science, approximately August 1980. 
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4. If.JTERFEROMETRY OF Mi\SS-TRJ\NSFER BOUNDARY Li\\'ERS I 

Karrie J. Hanson, Rolf I-I. illuller, and Charles W. 
Tobias 

111e use of flow obstacles or turbulence pro
moters to enhance the rate of electrochemical mass
transfer in flow channels, with a minimal increase 
in pressure drop, has been investigated by obser
ving mass-transfer boundary layers with a traveling 
dual-beam laser interferometer. 

Figure l illustrates the effect of three flow 
obstacles of different cross-section, attached 
to the electrode surface, on the boundary 
thickness: after a precipitous reduction at the 
location of the obstacle, indicated by the arrow, 
the boundary gradually increases in the 
dmvnstream direction to approach the thiclmess 
in the absence of the obstacle (marked "calcu
lated). Of the three shapes studied, the tri
angular obstacle was most effective in reducing 
dmvnstream boundary layer thiclmess (curve C). 
Similar experiments with varying obstacle location 
from the surface showed the optimal position to 
be approximately one obstacle height away from 
the surface. 111e effectiveness of obstacles in
creased with increasing Reynolds Number over the 
range investigated (395 to 1903). 
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Fig. l. Comparison of the effect of obstacle 
shape on the dmvnstream mass-transfer boundary 
layer. (A) Attached round, (B) Attached square, 
and (C) Attached triangle. Re = 756, i = 3 m.l\/cm2. 
Obstacle height, 0. 762 mm. (XBL 793- 933) 

To describe the perfo11nance of flow obstacles, 
three parameters were introduced. These are the 
average reduction S in boundary layer thiclmess, 
expressed as the relative difference between the 
integrated unobstructed boundary layer thickness 
and the reduced thickness in the wake of the 
obstacle, 

0unobstructed - 0with obstacle 
0unobstructed 

the minimum boundary layer thickness in the wake 
of the obstacles, cSmin• and the distance over which 
the obstacle has an effect, the recovery distance 



Q,R, which is the distance in the dmvnstream direc
tion, expressed in obstacle heights, at which the 
boundary layer inunediately upstream from the 
obstacle is re-established. A summary of results 
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in tenns of these three parameters is shown in 
Tables l and 2. The detached obstacle of tri
angular cross-section is seen to be most effective 
in Table 1, while Table 2 illustrates the beneficial 
effect of increased Reynolds Nwnbers. 

In addition to increasing the local current 
density, the obstacles had a pronounced effect 
on the morphology of the metal deposit which showed 
streaks and ridges, indicative of the flow pattern, 
that subside as laminar flow is re-established 
and provide another measure for the length of the 
recovery distance. 

The results of this study can be used to design 
a turbulence promoter system to maintain a pre
cletennined average boundary layer thickness in 
an electrochemical flow cell. Figure 2 illustrates 

Table 1. Effectiveness of flow obstacles, compari
son of obstacle shape and position at 
Re = 756. D1- Detached 0.762 mrn, Dz -
Detached 1.524 mrn, D3 -Detached 2.286mrn, 
A Attached. 

Type of 0mi B Q, 

Obstacle mm 'i ,o R 

Round - A .033 37 201 

Square - A .033 44 216 

Triangle - A .033 50 275 

Square - Dl .033 67 249 

Square - D2 .177 45 209 

Square - D3 .171 37 190 

Table 2. Effectiveness of flow obstacles, compari
son of Reynolds Nwnbers. 

Type of 
Obstacle 

Square - A 

Round - Dl 

He 

395 

756 

1328 

1903 

395 

1328 

1903 

0min 
mm 

.131 

.033 

.033 

.033 

. 190 

.092 

.052 

B Q, 
0/ R 10 

32 209 

114 216 

48 • 393 

50 380 

45 157 

59 183 

66 350 

how a bowlClary layer thiclmess of 0.075 nun was 
maintained at Rc = 750 by usc of four attached 
square obstacles 5 em apart. In an unobstn1cted 
cell, under the same concli tions, the average 
bow1dary thickness would be 0. 25 nun. 

Fig. 2. Reduction of average bmmdary thick-
ness by the use of multiple obstacles in series. 
Four attached square obstacles located at 15, 20, 
25, and 30 em from leading edge. Re = 756, i = 
3 rnA/cm2. Obstacle height, 0. 762 mn. (XBL 793-885) 

* * * 

·" 'Brief version of LBL-9038. 

RESEARO! PLi\J\!S FOR CALENDAR YEAR 1980 

Critical asswnptions in film-fonnation models 
for the interpretation of ellipsometer measurements 
will be tested ex-perimentally. Among them are 
variations in composition and porosity in multi
layer structures, the role of adsorbed reaction 
intennediates and the optical effect of growing 
particulate aggregates. Auger spectroscopy and 
ion etching will be used for this purpose. The 
installation of an Argon ion laser as a light 
source will make it possible to examine specimens 
of smaller surface area (approxi.matcly 3 mm2 vs 
30 mn2) and greater rouglmess than could be in
vestigated so far. Fast spectral scanning capabi
lities will be constructed for the spectroscopi.c 
characterization of surface layer materials. 

Investigation of new means to accelerate elec
trochemical mass-transport by usc of current pulses 
and vibrating electrodes is planned. Transient 
local mass-transport boundary layers will be 
observed by interferometry to established details 
of the processes needed to define the effective
ness of these approaches (with C. W. Tobias). 

Studies on the use of suspended particulates 
m the high-rate clcctrodeposition of metals will 
be completed. Optimwn size and concentration of 
solids will be estabEshed for transport to a 
rotating disk (1vith C. \V. Tobias) . 

Limiting factors in the electrochemical machin
ing of cemented transition metal borides and car-
bides will be determined. Means to the 
behavior of the materials on the the 
properties of the pure components will sought 
(with C. W. Tobias). 



Local electrolyte velocity in bOLmclary layers 
along electrodes will be cletenni.ned by laser velo
cimetry to identify hydrodynamic causes of non
Wlifonn current distribution on extended electrodes. 
Based on a survey and test of connnercial equipment, 
the optical components of a double-bemn system 
have been des ignecl and built. TI1ese components 
are expected to provide spatial resolution not 
othenvise attainable. A reference-beam module 
of similar capabilities will be developed, and 
combined with conm1ercial frequency counters for 
spectrum analysis. 

1979 PUBLICATIONS AND REPORTS 

Refereed Journals 

1. F. R. McLarnon, R. II. !vluller and C. W. Tobias, 
"Interferometric Study of Forced Convection Mass
Transfer Boundary Layers in Laminar Channel Flow," 
Industrial and Engineering 01emistry Fundamentals 
l£, 97 (1979). 

LBL Reports 

1. Karrie J. Hanson, "Interferometric Study of 
Mass-Transfer Enhancement by Turbulence Promoters," 
M.S. Thesis, Department of Chemical Engineering, 
University of California, Berkeley, LBL-9038, 
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e. Solid State and Surface Reactions* 

Gabor A. Somorjai, Investigator 

Surface Structure and Chemisorption 
By Low Energy Electron Diffraction 

1. SURFACE STRUCTURE ANALYSIS OF 1HE RECONSTRUCTED 
(100) CRYSTAL FACES OF IRIDIUf.l, PLATINUM AND GOLD: 

M. A. Van Hove and G. A. Somorjai 

Low energy electron diffraction (LEED) intensi
ties have been measured for the Ir and Pt(lOO) 
reconstructed surfaces. These have been analyzed 
with multiple-scattering calculations to cletennine 
the location of the surface atoms. The; most likelv 
structure consists of a hexagonal close-packed · 
top monolayer resting on the square 
substrate lattice. The hexagonal is not 
flat but buckled with atoms positioned up to 
±0.2 A out of plane. For Ir(lOO) the structure 
has the relatively small unit cell (lx5), wherccas 
Pt(lOO) and Au(lOO) have the larger unit cells 

( :i ~) and c (26x68) , rccspectively, clue; to contrac

tions within the hexagonal layer and, in the case 
of Pt, an additional small rotation of this layer. 

* * "}..· 

·r Brief version of LBL-10340. 

2. MEASUREMENT OF TI-lE LIED DIFFRACTION BE/\Ivl 
INTENSITIES FRO~! G!Eli!ISORBED CO ON 'TI-lE Rh(lll) 
CRYSTAL FACE 

R. J. Koestner and G. A. Somorj ai 

A structural detennination via a LIED dynamical 
analysis of CO, COz bonding to the Rh(ll1) surface 
with each adsorbate fanning a (/3cx/j R30°) or, 
at higher coverage, a (2x2) LEED pattem is under-
way. At present, intensity electron curves 
for the clean Rh(1ll) at 8=0 as well as 
Rh(lll)- x /j R30°) -CO at 8=0°, 10°, 20°, 
have been produced. Intensity electron voltage 
curves for Rh(ll1)- (/3 x /j R30°) -COz at 8=0°, 10°, 
20°, ¢=0, illl(1ll)-(2x2)-CO at EJ=Oo, 10°, zoo, ¢=0 
and Rh (111)- (2x2) -C02 at 8=0°, 10°, zoo, will be 
complected within the next few months. We 
a full LEED dynamical analysis of 
profiles to confinn HREELS 
COz dissociates into CO (adsorbed) 
of this 0 is not well understood), the (/3- /3 
R30°) -CO unit cell has one CO molecule bonckd to 
the surface at an atop si_te, and the; (2x2)-CO unit 
cell consists of one bridge-bonded and two atop 
site CO molcccules. 

--k * * 

Brief yersion of LBL- 10581. 

work was supported by the Divis i.on of 
Materials Sciences, Office of Basic 
Sciences, U. S. Departmccnt of Enccrgy. 
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1. L. !-!. Dubois and C. A. Somorjai, Surface Sci. 
g, 000 (1980). 

3. LOW ENERGY ELECTRON DIFFRACTION STUDIES OF 
THE SURFACES OF IvlOLEC(,JLJ\R CRYSTALS (ICE, AlvJ!v!ONIA, 
Ni'\PIITHALENE, BENZENE) T 

L. E. Firment and G. A. Somorjai 

Low energy elccctron diffraction (LEED) has been 
used to study the surface structures of thin films 
of molecular crystals. The were grown 
epi on metal single crystal substrates 
at low tccmperatures. Both Pt (Jll) and (J 11) 
surfaces wc;re used as substrates in order to 
identify the influccnce of the substrate on molecu
lar film structure;. Previous observations of ice 
(0001) and naphthalene (001) surfaces on films 
grmvn on Pt (lll) substratesl were confirmed using 
the Ag (111) substrate. TI1e l\l!3 (111) and benzene 
(111) surfaces were also studied on films grown 
on either substrate. All observed molecular 
crystal surfaces showed no evidence of surface 
reconstruchon. To minimize sample and 
electron beam induced damage, LEED 
were performed on samples of thickness less than 
10-102 nm, with low energy electron exposures less 
than 1 C cm· 2. TI1e maximum thickness and exposure 
values were characteristic of the particular molec
ular crystal. Tiw relationship betweccn the struc
ture of the initial adsorbed monolayer and the; 
molecular crystal orientation is discussed. 

* * * 

·iBriefversionofSurfaccc Sci. 84,275 (1979). 
1. L. E. Firment and G. A. Somorjai, Surface Sci. 
~' 413 (1976). 

4. LEED STUDY OF THE ADSORPTION OF ACETIC ACID 
AND PROPONOIC ACID ON Ag(lll)' 

L. E. Firment and C. A. Somorjai 

The adsorption of acetic acid and of propanoic 
acid on Ag (lll) and Pt (111) si.ngle crystal surfaces 
have been studied with LEED. Both acetic acid 
and propanoic acid fonnc;d 2-climensional structures 
in two cliffccrent types of orientation on Ag (ll1) 
and propanoic acid apparently formed the same 
structure on covered Pt (lll). Neither 
acid fonned ordered monolayers when adsorbed on 
clean Pt (111). TI1e similar LEED data and physical 
properties of the acid molecules suggested similar 
structures for both acids consisting of closely 
packed arrays of hydrogen bonded dimers. 

* * 

Brief version of J. Vacuum Technology, m press. 



5. A LEE!H\ES STUDY OF THE RECONSTRUCTED Pt (110) 
SURFACE A1'ID THE EFFECTS OF OA'YGEN TREATlllEI\IT' 

M. Salmeron and G. A. Somorjai 

T11e Pt(llO) crystal face has been studied by 
low energy electron diffraction (LEED) and Auger 
electron spectroscopy (AES). T11e stable recon
structed (Zxl) surface stnJCture transfonns, 
reversibly, to the (lxl) stn1cture upon heating 
in vacuum to 830±30°C. Ion bombardment at 25°C 
also stabilizes the metastable (lxl) surface 
structure which converts, irreversibly, to the 
stable (Zxl) structure upon heating in vacuum at 
< 500°C. The diffraction beam intensity vs. 
electron energy curves (I (hk) vs. eV) exhibit 
complex behavior when monitored as a function of 
temperature. Heat treatments in oxygen at high 
crystal temperatures (>800°C) result in the appear
ance of new (3xl), (Sxl) and ("7xl") surface 
structures while oxygen remains undetectable by 
AES. Adsorbed CO causes the (Zxl)+(lxl) trans
fonnation while it does not effect the (3xl) 
surface structure. 

* * * 

1Brief version of LBL-8464. 

6. LEED, AES AND 11-IER!v!AL DESORPTION STUDIES OF 
Tl-IE OXIDATION OF T1IE Rh(lll) Surfacer 

D. G. Castner and G. A. Somorjai 

The oxidation of the Rh(lll) surface was studied 
by low energy electron diffraction (LEED), Auger 
electron spectroscopy (AES), and thermal desorption 
mass spectroscopy (TDS). Four different oxygen 
species were detected during the oxidation. 
Initially chemisorbed oxygen atoms are produced 
from the low temperature dissociative adsorption 
of oxygen and undergo an activated ordering process 
to form three domains of a (Zxl) structure. The 
chemisorbed oxygen was readily removed by exposure 
to hydrogen above 350 K. Heating the Rh(lll) 
crystal in the presence of oxygen resulted in 
oxygen diffusing into the near surface region. 
Prolonged high temperature annealing produced an 
unreactive surface oxide. The epitaxial growth 
of Rhz03(0001) on Rh(lll) occurred during high 
temperature annealing in 1 Torr of Oz. This 
epitaxial oxide did not adsorb detectable amotmts 
of either hydrogen or CO at 300 K and could be 
decomposed by heating the crystal to 800 K in 
vacuum. 

* * * 

+Brief version of LBL-9288. 

7. ADSORBED ~10NOLAYERS ON SOLID SURFr'\CES 

G. A. Somorjai and M. A. Van !-love 

In this review, we cover the various 
tal parameters that can be used to characterize 
the adsorbate in the submonolayer to few-
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monolayers range. \Ve discuss the principles of 
ordering of the adsorbate layer since one of the 
most observations of low energy electron 
diffraction studies is the predominance of ordering 
within these \Ve list the ordered adsorbate 
layer structures and sununarize Hhat can be learned 
about the nature of their bonding from the avail
able structural data. T1lis is clone separately 
for the many surfaces whose two -dimensional tmi t 
cells are known in tenns of shape, size and 
orientation, and for the fewer surfaces for which 
additionally the contents of the unit cell are 
known (adsorption site, bond lengths). Many types 
of adsorption are covered including atomic and 
molecular adsorption, co-adsorption, metallic 
adsorbates, non-metallic adsorbates, and organic 
adsorbates. 

* * * 
i Brief version of LBL-8566. 

8. A NEW MICRO FACET NOTATION FOR HIGH MILLER INDEX 
SURFACES OF CUBIC lv:!ATERIALS WITI-I TERRACE, STEP 
AND KINK STRUCTUREst· 

M. A. Van Hove and G. A. Somorjai 

The ideal, i.e. tmreconstructed and unrelaxed, 
stntcture of arbitrary high Miller index surfaces 
of cubic crystals is analyzed in terms of terraces, 
steps and kinks, and a new, simple, useful micro~ 
facet notation is proposed. The cubic crystals 
include the simple cubic, face-centered cubic, 
body-centered cubic, diamond, zincblende, NaCl 
and c,·.Cl crystals. 

* * * 

tBrief version of LBL-9363. 

9. SURFACE STRUCTURES OF lvlETALLIC MONOLAYERS ON 
lv!ETAL CRYSTAL SUP.FACESt 

J. P. Biberian and G. A. Somorjai 

The stru.ctures of adsorbed metals on single 
crystal surfaces of other metals have been reviewed 
and tabulated. Most of the adsorbates of over 
100 systems studied fonn ordered surface structures 
that may undergo changes as the coverage in the 
monolayer is increased. At low coverages, the 
adsorbate and substrate surface structures are 
closely related indicating the predominance of 
the adsorbate-substrate interaction in detennining 
ordering. At higher coverages, there are more 
complex ordering characteristics. Although the 
relative atom sizes and magnitudes of adsorbate
substrate and substrate-substrate interactions 
influence the ordering in the monolayer general, 
conclusions that have predictive value must await 
the availability of more experimental results on 
more metal adsorbate-substrate systems. 

* * * 
+ 
'Brief version of LBL-8996. 



10. TilE STRUCTURE J\J'-JD CO~IPOSITION OF POTASSIUlll 
lAYERS DEPOSITlill ON Ni (lll) CRYSTAL SURFACES 

II. Nozoye and G. A. Somorj ai 

Potassi.um is well knmVll as a promotor of 
catalysts, but its role is not yet kno\Vll. Pot as
siurn was adsorbed on nickel(lll) surface which 
was used as a methanation catalyst by a potassium 
ion gun. The coverage of potassium was determined 
by means of Auger intensity versus evaporation 
time method and its st111cture was monitored bv 
LEED. Potassium is adsorbed on the substrate' as 
a neutral species until one monolayer completion, 
and this neutral species is easily oxidized by 
the ambient gas and by further evaporation of 
potassium whi.ch fonns one monolayer of potassium 
oxide. By the strict analysis of LEED and Auger, 
we can cletennine the composition and structure 
of potassium oxide. Potassium oxide fonns a 
compound on Ni(lll) and the topmost layer is 
potassium. Jln oxygen layer sits between potassium 
Ni substrate. We intend to investigate the potas
sium effect on the catalytic reaction by this well 
defined potassium-covered single crystal. 

Electron Spectroscopy Studies of Solid 
Surfaces and Adsorbates 

l. TI-lE CHEMISORPTION OF ACETYLENE AND ETilYLENE 
ON Rh(lll): A HIGH RESOLUTION ELECTRON El\IERGY 
LOSS A\ID LEED STUDY' 

L. H. Dubois, D. G. Castner and G. A. Somorjai 

We reported the results of a detailed investi
gation of the chemisorption and reactivity of Cz!-lz 
and C2H4 on the Rh(lll) single crystal surface. 
Below 270 K ELS measurements indicated that 
acetylene chemisorbs on Rh (111) with its C-C bond 
oriented parallel to the surface fon11ing an 
approximately sp2 hybridized species. LEED in
vestigations show that both C2H2 and C2H4 formed 
metastable (2x2) surface st111ctures on Rh(lll) 
below 270 K. An irreversible order-order trans
fonnation occurred between 270 and 300 K to a 
stable c(4x2) hydrocarbon overlayer. The stable 
species formed from both molecules were identical. 
Hydrogen addition to chemisorbed acetylene was 
necessary to complete this conversion. The geome
try of the adsorbed ethylene species did not change 
during this transformati.on, although the overlayer 
structure did. This stable hydrocarbon fragment 
is identical to the hydrocarbon species fanned 
from the chemisorption of either CzH2 or C2I-I4 and 
hydrogen on the Pt(lll) crystal surface 
at 300 K. The addition of to chemisorbed CzDz 
or CzD4 resulted in H-D exchange, but no change 
in the adsorbate geometry was detected by ELS. 

* * * 

tBrief version of LBL-9946. 
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2. EVIDENCE OF 'Il!E WEAKENING OF Tl IE CO BOND UPON 
COADSORPTION \VITI! IIYDROC'\RBONS' 

fl. Ibach and G. A. Somorjai 

'I11e chemical bond of CO to transition metal 
surfaces becomes in the presence of chemi-
sorbed hydrocarbons different t)1Jes. High 
resoluti.on electron energy loss spectroscopy 
studies of the vibrational frequencies of adsorbed 
CO on the Ni(lll) and Pt(lll) crystal faces reveal 
a large reel shift in the presence of coadsorbed 
hydrocarbons which indicates the weakening of the 
C::O bonds. This, in turn, impli.es the fonnation 
of stronger metal-CO bonds. Furthennore, thennal 
desorption studies of chemisorbecl CO from clean 
and carbon-covered rhodium surfaces show the 
presence of dissociated CO on the carbon contami
nated surfaces, ,,,hUe only molecular CO is present 
on the clean metal surface. 

Brief version of Jlppl. Surface Sci.~' 293 (1979). 

3. TI-lE O!EIISORPTION OF CO Al\ID COz ON Rh(lll) 
STIJDIED BY HIGH RESOLUTION ELECTRON ENERGY LOSS 
SPECTROSCOPYi 

L. H. Dubois and G. Jl. Somorjai 

The teclmiques of high resolution ELS, ms and 
LEED were applied to a study of CO and COz chemi
sorption on the Rh(lll) single crystal surface 
at 300 K. TI1e vibrational spectra of carbon 
monoxide indicated two distinct binding sites (atop 
and bridged) whose relative populations and vibra-
tional frequencies were determined both the 
substrate temperature and the background pressure. 
TDS measurements showed the bridge bonded CO to 
have an approximately 4 kcal/mole lower bincbng 
energy to the surface than the species located 
in the atop site. Surface pretreatment also had 
a marked effect on CO adsorption; carbon and O>-.jgen 
both inhibited carbon monoxide chemisorption and 
weakened the metal-adsorbate bond strength. 
Hydrogen had no observable effect. The adsorption 
of carbon dioxide yielded identical spectra to 
those of chemisorbed CO, indicating dissociative 
adsorption. By combining our data with earlier 
infrared and inelastic electron turmeling 
spectroscopic studies, we calculated a consistent 
set of force constants for the two types of 
chemisorbed carbon monoxide. 

'Brief version of LBL-9280. 



Molecular Beam-Surface Interactions 

1. THE Kil\lETICS OF AMP.IONIJ\ DECOMPOSITION ON THE 
(111) 1\1\ffi STEPPED CRYST~AL FACES OF PlJ\TIN1Jlll 

W. Guthrie, J. Sokol and G. A. Somorjai 

Anm10nia adsorbs associatively on the Pt (111) 
and Pt(557) surfaces. 111e sticking coefficients 
arc high (snl =0.74, s557=0.49). The probability 
of adsorption on the stepped surface is 66% smaller 
than on the flat surface. In spite of this, 
approximately 15 times more adsorbed ammonia de
composes to produce Nz and liz on the stepped 
surface. On the stepped surface at peak tempera
tures (725 K), 10% of the adsorbed anmonia de
composes. lienee the steps enJ1ance decomposition 
while the probability of reactant 
adsorption. 

111ere is essentially no reactant angle of 
Lncidence dependence to adsorption on either crys
tal, nor to decomposition on the (557) surface. 
111e sticking coefficient on the (111) surface was 
shown to have a weak coverage dependence. The 
production of hydrogen on the stepped surface was 
first onlc;r in ammonia pressure;. 

I-Iydrogenic atom exchange between NH3 and Dz 
takes place on the surface at temperatures 
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where there is little or no decomposition (T:S;700 K). 
Approximately 10% of adsorbed aJJmlonia undergoes 
exchange. 111is presumably occurs through a short
lived NH:)D intennediate. 

'I11e interaction of NH3 with Pt (111) can be de
scribed by a simple adsorption and desorption model. 
The best fit parameters for this model are s=0.74, 
K=2.65xlol0 d-15,500/RT. Decomposition is not 
a significant pathway on the (lll) surface and 
can be assumed to take place only at defect sites 
on the surface. 

* * * 

i-Brief version of LBL-9712. 

2. 11IE VELOCITY Al\ffi ANGULAR DISTRIBUTIONS OF 
PRODUCIS FROtvl 111E PLATINU!vl SURFACE CAT.ALYZED 
REACTIONS OF II, H2 AND 02 ·!· 

S. Ceyer, J. Lin, \1!. Guthrie and G. A. Somorjai 

'I11e dynamics of the oxidation of deuterium on 
platinum has been studied in a molecular beam sur
face scattering experiment. A D2 and an Oz beam 
are aimed at a single crystal Pt(lll) surface and 
the angular and velocity distribution of the 
reaction product, DzO, is measured. By comparison 
of these; results with the; results obtained whc;n 
the starting products are D and Oz, the most prob
able mechanism i.nvolves a reaction betwec;n a D 
atom and an adsorbed OD radial in the last step 
of the reaction. Since the angular distribution 
is broad, there is no preferred orientation for 
the exi ti.ng DzO molecule. 'The velocity distribu
tion shows that very little of the exothennicity 
is liberated into the translational motion of the 
molecule away from the surface. In fact, the 

exiting DzO mo1ecule has less trans1ation;ll energy 
than the of the surface. 111is indicates 
the reaction when the Pt -OD bond is 
at the classical turning point. 

* * * 
.J. 

Brief version of LBL-l/838. 

Studies of Catalyzed Surface Reactions 

l. CORRELATIONS OF CYCLOf!EXJJNE REACIIONS ON 
PLATINU!vl CRYSTAL SURFACES OVER TEN ORDEHS OF 
MAGNITUDE PRESSURE Ri\J\JGE: VARIATIONS OF STRUCIURE 
SENSITIVITY, HATES Al\ffi REACIION PROBABILITIES . 

S. 1-L Davis and G. A. Somorj ai 

The hydrogenation and dehydrogenation of cyclo
hexene have been studied in the 10-7 to 102 Torr 
pressure range. The reaction of cyclohexene i.n 
excess hydrogen over the Pt(223) stepped platinum 
crystal surface at 25-l50°C predominantly produces 
benzene at low pressurc;s ( ~ 10 7 Torr) and cyclo
hexane at high pressures ( ~ 102 Torr). M1ile the 
low pressure reactions are structure sensitive 
and proceed on the clean metal surface, the high 
pressure reaction is apparently structure insensi
tive clue to the continuous presence of a near mono
layer of carbonaceous species. Widely differing 
coverages of reactive, weakly adsorbed 
influence the reversal in selectivity between high 
and low pressures. The catalytic efficiency 
(reaction probability) decreases markedly with 
increasing pressure. 

* * * 
I Brief version of LBL-9869. 

2. !IIGII PllliSSlm.E STUDII~S OF CYCT.OilLXAi'JE 
DEHYDROGENATION Al\'D H.YDROGENOLYSIS OVER PU\TINU!vl 
CHYSTAL SURFACES.+ 

W. Gillespie, R. llcrz and G. A. Somorjai 

Single crystal platinum surfaces are being used 
to study the fundamental principles 1vhich govern 
hydrocarbon reactions over heterogeneous 
These single crystal surfaces serve as model re
fonning catalysts and are readily amenable to 
surface structure detennination by low energy 
electron diffraction (LEED) and compositional 
analysis by Auger electron spectroscopy (/I.ES). 
The relationship between catalyst structure and 
composition on an atomic scale and the resultant 
activity, selectivity and stability of the 
can thus be explored. The reactions we are 
ying are the dehydrogenation and hydrogenolysis 
of cyclohexane and the dehydrocyclization and 
hydrogenolysis of n-heptane in the pressure range 
of 100-500 Torr and temperature range of 200-300°C. 
The apparatus used to study these reactions con
sists of an ultrahigh vacuum system within which 
is mounted a movable reaction cell capable of 
isolating the catalyst from the main vacuwn chamber. 
This arrangement allows high pressure reaction 



studies to be performed on surfaces which have 
been characterized by LEED and AES under ultrahigh 
vacuum conch tions. 

For the reaction of cyclohexane 1ve find that 
the activity and selectivity of the catalysts arc 
sensitive to surface st1ucture, but rather insensi
tive to the presence of surface oxide. T11e most 
densely packed surface, the (lll), exh1bits the 

hydrogenolysis rates and the lowest 
benzene formation rates. stepped or bnkecl 
surfaces have benzene ratio about a 
factor of 3 lower than the (111) surface. 11ms 
the selectivity of dehydrogenation to benzene 
versus hydrogenolysis varies by at least a factor 
of 10, depending on surface stn1cture. T11ese high 
pressure reaction studies exhibit quite different 
characteristics than similar studies on platinum 
single at pressures of less than 10-S 
Torr. apparent activation energy, the struc-
ture sensitivity and the reaction probability are 
all substantially different between the two pres
sure extremes. T11ese differences are the result 
of fundamental differences in the nature of the 
active surface in the two cases. At less than 107 
Torr the inherent activity of "clean" platinum 
is being measured. At h.igh pressure the surface 
is covered with a layer consisting of adsorbed 
products, reactants, reaction intermediates and 
deactivating residues, thus making the surface 
much more complex than in the low pressure case. 
It is apparent from these studies that the nature 
of the active surface must be considered as 
dependent on reaction conditions. 

In addition to being sensitive to surface 
structure, the reaction of n-heptane, unlike 
cyclohexane, depends also on the presence of 
surface oxide. On clean surfaces the rate of 
hydrogenolysis varies by a factor of 3 as the 
surface structure is changed. The rate is lowest 
on the (lll) surface and highest on the highly 
kinked surfaces. The dehydrocyclization of 
n-heptane to toluene varies by about a factor of 
4 as a result of changes in surface structure and 
is highest on surfaces with intennecliate step 
density. This results in changes of selectivity 
of about a factor of 7. Preoxiclat.ion of all sur-
faces studied produced changes in the 
selectivity of hydrogenolysis versus dehydrocycli
zation. This preoxiclation caused enhancement of 
hyclrogenolysis and a decrease of toluene production 
resulting in selectivity changes as large as a 
factor of 50. 

* 7,· * 

tBrief version of LBL-10576. 

3. TI IE STRUCTURL AND REACTIVITY OF ORDERED 
PIJ'\TrNU!VI STRUCTURE 1\:\ID HONOLAYERS EPIT!l..,\IALLY 
DEPOSJTED ON Tf!E i\u(lOO) CRYSTAL FACE 

A. Sachtler and G. A. Somorjai 

T11e dehydrogenation of cyclohexene has been 
studied on monolayers of platinum which were 
deposited on gold single crystal surfaces of (100) 
orientation. Two monolayers of ordered platinum 
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were necessary to obtain optimwn reaction rates. 
The rate of reaction on the evaporated layer was 
seven times greater than that on a Pt(lOO) crystal 
face. The effects of other substrates, such as 
copper and tungsten, and the effect of gold 
deposited on platinum crystal surfaces, are being 
explored. 

RESEARCH PLANS FOR CALENDAR YEAR 1980 

Surface structure analysis of small molecules, 
CO, COz, Czi-Iz and Czl-!4 on the rhodium and platinum 
crystal surfaces will be carried out using LEED 
and ELS. 

A high pressure cell will be built to combine 
catalytic and ELS studies. 

The velocity distribution of molecules after 
surface reactions will be measured to determine 
the nature of surface-gas energy transfer and 
reaction dynamics. 

Epitaxial deposition of metals on other metal 
crystal surfaces will be studied (Au on Rh, Cu 
on Pt, Na on Ni) and the reactivities of the metal 
monolayers will be investigated. 

Carbon-14 elating will be employed to character
ize the exchange ratios of hydrocarbons fra~nents 
deposited on platinum surfaces during hydrocarbon 
reactions. 

T11e effect of chlorine additive on the reacti
vity of platinum will be studied. 
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f. Nuclear Resonance* 

Alexander Pines, Investigator 

1. SLLECTI\1: EXCITATION OF n-QUA\JTlllll Tl'0\J\JSITIONSt 

W. S. Warren, S. Sinton, n. P. Wcitckamp, and 
;\. Pines 

Previous \vork in our group has demonstrated the 
excitation of all symmetry allmvecl transitions in 
systems of coupled nuclear spins, in contrast to 
the usual single quantum selection rule com-
mon to magnetic resonance and other branches of 
spectroscopy.l The sequences of \viclebancl irradia
tion used \Verc either nonselective or, at best, 

excited either the even or odd quan
tum transitions .2 111is year for the first time 
\vlclebancl excitation sequences demonstrated 
\vhich are n-quantum selective. These produce co-
herent superpositions of those states com1ected by 
absorption of kn quanta from the radiation field 
(k=O, 1, 2 ... ) m1el require no detailed prior ktw\v
ledge of the energy levels. 

111e spectra of Fig. 
excitation of the zero 
in oriented benzene as 
Fourier trans fonn \101R. 

Non-Selective 

4k ~Quantum Selective 

l illustrate the selective 
and four quantum transitions 
detected by quantum 

The essential feature of the 

4 6 

. l. Selective excitation of zero and four 
CJUEllltlun trm1sitions in benzene oriented in a liquid 

TI1e selective spectnun and the nonselec
tive control wore obtained w1der identical comli
tions except for the omission of phase shifts in 
the control. (XBL 79L>S200) 

-,~, --~~----

Thi.s \vork was supported by tho Division of 
~~terials Sciences, Office of Basic 
Sciences, U. S. Department of 
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excitation sequences is systematic permutation of 
the phase of the coherent radiation. is of 
the class of such sequences by the methods 
of l-Iami Honian theory has demonstrated the 

of sequences selective to 
only hy relaxation 

promises to he generally 
applicable to excitation of coherence 
and selective population inversion in multilevel 
systems. Ongoing experimental work is aimed at 
improving the signal to-noise ratio in multiple 
quantlun Four-ier transform N~IR by use of highly 
selective ancl efficient excitation and detection 
sequences. 

·iBrief version of LBL- 98 20. 
l. C. Drobny,!\. Pines, S. Sinton, D.P. Weitekamp, 
ancl D. \Venuner, "Fourier Transform ~lultiple Quantum 
N~IR," Faraday Symposilun of Chemical Society, No. 13, 
1979, L!3L-8S6S and references therein. 
2. D. Wenuner, Ph.D. thesis, 1979, LBL-8042. 
3. W. S. Warren, S. Sinton, D. fJ. Weitekamp, and 
A. Pines, "Selective Excitation of ~lultiple Quantwn 
C:oh e ronc c in Nuclear Resonance , 11 Phys . Rev. 
Lett. 43 1791 (1979). 
4. W.S. Warren, D. P. Weitekamp, and A. Pines, 
"Theory of n-Quantum Selectivity in Multiple Quantum 
Spectroscopy," 1979, LBL-10161. 

2. INFO!{J\lf-\TION THEORY TREADU_j\JT OF ~lllLTIPLE-

QUA0TTlh\l COHERENCE 

R. D. Levine, S. ]IJukamel, W. Warren, m1cl A. Pines 

illultiple-qwmtlml spectra tend to have fewer 
lines than their single-quantum cmmterparts, but 
this enchanced simplicity has to be balanced 
against a reduced overall intensity. iln average 
of many multiple-quantum experiments reveals a 
decrease in overall intensity as a function of nwn
ber of quanta that is roughly (;aussian. A somewhat 
more soph is ticatecl model can be fonnulated by 
fying the of single-quantum coherences and 
finding the clensi_ty matrix h'h ich maximizes the in
formation entropy subject to this constraint. Tl1e 
resultant intensity patt8rn confirms the validity 
of a "dynamic random-phase approximation," which 
asswnes that transitions het1veen aclj a cent manifolds 
of total z-component of angular momentum add 
incoherently. Thi.s infonnation treatment 
also permits qualitative calculation of the effects 
of temperature on multiple-quantum coherences. 

i\n example of the n-quantum intensi-
ties from information theory as a function of 
plunping strength is shown in . l, 



(/) 

c 
(j) 
+-

0.8 

Stat is ti ca !-coher
ence limit 

c 0.4 

l. Comparison of experimental n-quantum inten
wi th those from a dynamic random phase theory. 

(XBL 796-10080) 

3. RELAXATION OF MULTIPLE QUAI\JTIJM TRAI\JSITIONSt 

J. Tang and A. Pines 

A particularly interesting feature of multiple 
quantLml Nf.lP. is the information available from the 
n-quantum relaxation. Stoll et al. have shown that 
re 1 axation of the forbidden double quantum transi-
tion in t\vo spin AX systems contains infonna-
tion on the fluctuations at the A and X 
sites. In a thorough discussion, Wokaun and Ernst 
also presented the theory for n-quantum relaxation 
and sh01vcd experimental results on a t\vO-spin sys
tem in an isotropic field. Further, Poupko et al. 
and Boclenhausen et al. have demonstrated the appli
cabi 1 ity of multiple quantum NillP. to the study of 
re1axati.on and motion in coupled systems of deuter· 
ium nuclear spins. 

We have been interested in the multiple quantum 
Nii!R of strongly dipolar coupled spin-1/2 nuclei in 
oriented systems (solids, liquid crystals). These 
illustrate the behavior of systems vvith high symme
try, for example a CH3 group or benzene. Nonnally, 
radiofrequency irradiation can induce only transi-
tions between belonging to the same 
i.rreclucible representations of the spin Hamil tonia.TJ.. 
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However, relaxation by fluctuating random fields 
may induce symnetry- breaking transitions and the 
study of n-quantum spectra and their relaxation 
should allow a complete determination of the fluc
tuations, correlations and synunetry- breaking path
ways. We have performed a first study of the 
relaxation of dipolar coupled 3-proton system (CH3 
group) by paramagnetic impurities in a liquid crys
tal sol vent. TI1e 1-, 2-, and 3-quantum linewidths 
were studied over a wide concentration range and 
the accurate linewidth ratios allowed a determina
tion of the fact that fluctuations are correlated 
and a measurement of the correlation times. Figure 
l shows the relaxation broadening of the 1, 2, and 
3 quantwn transitions in agreement with the solid 
lines based on a model of completely correlated 
fluctuation. This approach is being used to study 
correlations of sequential motion in ordered mole
cular chains. 

* * * 
tBrief version of LBL-9853. 

'N 
I 

800 

700 

Concentration (mole%) of DTBN 

. 1. TI1e linewidths of multiple quantwn transi
tions is linearly proportional to the concentration 
of DTBN. TI1e ratios of the relaxation rates can be 
determined accurately by measuring the ratios of 
the slope. TI1e solid lines indicate the behavior 
expected for completely correlated-fluctuations at 
the 3 proton sites. (XBL 796-10118) 



4. !\Ni\LOCY OF illULTl PU>QLL\:\TlJill ~;\!R TO ISOTOPIC 
Li\l3EL INCi-

W. S. \varren and A. Pines 

The number of allo\,·ecl transitions in the l\:illl\ 
spectra of oriented molecules increases Llramati· 
cally as the nUJnber of increases. ]:or this 
reason, large molecul.es often require seJective 
isotopic substitution to give resolvable spectra. 
However, the synthesis of substi tutecl 
molecules can be difficult, and m some cases the 
subs ti tut ions molecular or reac · 
tion rates. 

il!ultiple-quantUJn i\ili!R provides an alternative 
means of simplifying spectra \vhich docs not 
any chemical alterations, see Fig. l. (;roup theo 
ret.i.cal arguments indicate that the il!·quantcun tran
sitions of an N spin system inherently label ill of 
the and that the munber of allowed trans i-
tions can cow1ted by considering only molecules 
that have M isotopic substitutions. We have derived 
simple colmting schemes for the nUJnber of lines in 

Fig. l. The isotopic labcli.ng analogy with 
multi.ple-quantlun Nji!R. If five of benzene 
are each replaced by a single nucleus, 
only one results. The remaining proton 
can be up or clO\vn, giving one pair of lines in the 
five-quantlun spectnun. Four substitutions leave 
three possibly different species, each 
tion (ortho, meta, or para) gives a 
the four-quantwn spectnun has three 
plus a highly degenerate central 

(CBB 794 L]43l) 
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N-quantum 1) ·quantum, ancl (N- 2) .. quantUJn spectra, 
and veri our pred1cti.ons c:q1erimentally on 
oriented benzene anc.l other molecules. 

'!'Brief version of Nillll. arti.cle in 4th European Ex
perimental N?'TI'- Conference, Crenoble/Austans, June 
26-29, 1979. 

S. ST:\TfSTTC\L C:ONFICtn<J\TTONS OF ALIPHATIC Cfii\INSt 

D.P. \Voitekamp, l;. Drobny, and 1\. Pi.nes 

A full state 
of matter res a the 
external and interna.l of the consti-
tuent molecules. The microscopic quantities are 
not only of interest, but constitute a 
large set of data Hhich, in conjunc-
tion 11•ith thennodynamic quantities, can be used to 
develop and cliscrinrinate among statistical mechani
cal models of these phases. Figure 1 illustrates 
the possible single bond conformations, the proba
bilities ol' 1vhich are among the unkno11~1s of 
interest. 

resonance stuclics of the 
terms of the nuclear spin Ilamil toni an constitute 
an lelecl set of techniques for measurement 
of the microscopic degrees of order in partially 
fluid systems, Previous work in our group has 
focused on measurement of the motionally averagccl 
nuclear quadrupole interactions and resolved direct 
dipolar interactions in ly deuterated 

s, 1 Current \vork is on the use of 
proton multip.le qucmtLllll Fourier Transform spectra· 
scopy to obtain resolved spectra from species \<lith 
tmrcsolvecl s inglc quantum spectra. T11e 
of this approach over cleuteritun studies include: 
h accuracy clue to the longer relaxation times 

species; the ability to measure 
internucle2r geometry over greater distances clue 
to the r2tio of the proton; and 

required, 
attainable reso

lution in measurement of dipolar c:oupl.ings is about 
one part per thousand for butyl bromide (nine spin 
sys tom) dissolved i.n a nematic liquid 
Future work aims toward analysis of the 
quantcun spectrUJn of the same proton system 
incorporated into an othenvisc deuteratecl ncmatogen. 

H H 

H H H H H 

H H H H 

CHzR CHzR 

Fig. l. Projection diagram of possible rotamcrs at 
a carbon-carbon single bond in a chain. 

(XBL 771-7397) 
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tBrief version of LBL-6976. 
1. S. Hsi, H. Zimmerman, and Z. Luz, "Deuteritnn 
Magnetic Resonance of Some Polymorphic Liquid 
Crystals: The Confonnation of the Aliphatic End 
Chains," .J. Cllem. Phys. 69, 4126 (1978). 

6. CORRELATION IN mE JVJOTION OF COUPLED lVil3THYL 
GROUP Sf 

J. Tang, Y. S. Yen, and A. Pines 

An interesting question to chemists, and one 
that has been consistently difficult to approach, 
lS the characterizatlon ot confonnation and corre
lated motion of molecular groups which are "steri
cally hindered." An example is two methyl groups 
in proximity on the same molecular framework. In 
the limit of vanishing coupling between the groups 
we expect no correlation in the motion of the two 
methyl groups, and should reorient in depend
ently. This is indicated schematically in Fig. 
l(a). In the opposite limit of strong coupling, 
we expect completely correlated motion as indicated 
in Fig. 1 (b) . Since there are six protons in this 
problem, 4-quantum l\IMR spectra should be sensitive 
to two body correlations and should allow a dis 
tinction between the two cases. In fact, experi
ments in liquid crystals have demonstrated this to 
be true. Experiments are continuing on a variety 
of single crystals at low temperatures to see the 
effects of tunneling and correlation when phonon 
interruption of the phases is diminished. 

>--< >--' 
6 3 

3 

(a) (b) 

Fig. 1. (a) Two methyl groups with w1correlated 
motions, random positions of all 6 protons. 
(b) correlated motions of methyl groups. Only 3 
different configurations are allowed. 

(XBL 7912 5207) 

* * * 
tBrief version of LBL-10162. 
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7. BIPHENYL CONFOI~vl!\TION IN J\ LIQUID CRYSTAL 
~IOLECUL[l 

S. Sinton, D. P. Wei tekamp, and 1\. Pines 

i\ study of biphenyl structure is important to an 
mderstanding of the physics and of 
liquid crystal molecules containing this subw1it. 
Of particular interest are the ring deformations 
and the dihedral angle \vhich is related to the 
potential for the partially hindered rotation about 
the carbon-carbon ring bridge. The N/IIR of mole
cules fanning or dissolved in a liquid crystalline 
matrix has proved to be an invaluable tool to the 
investigation of molecular structure and potentials. 
111e NJVll:Z spectra contain information on the struc
ture sensitive intramolecular dipolar couplings 
among the nuclei. Fourier Transform Multiple Quan
tum l\TIIIR (FTMQNJVm.) can be used to yield simplified 
higher quantwn spectra (M1>1) when the one quantum 
spectrum (lllVI=l) is too complex and mresol ved to 
analyze. Group theoretical considerations for a 
symmetrically para substituted biphenyl indicate 
that, Hhereas there are hundreds of one quantum 
transitions possible, the number of w1ique 5, 6, 
7, and 8 quantum transitions are 46, 11, 2 and 1 
respectively. Together, these may be used for an 
analysis of molecular structure. 

Shown in Fig. 1 is the multiple quantum spectrum 
of the biphenyl protons in dn-pentylcyanobiphenyl 
lvhich is in the nematic phase. The lower order 
(liM= 1, 2, 3 ... ) transitions overlap to give un-
resolved subspectra. TI1e higher order (liM 5, 6, 
7, 8) transitions result in a set of resolved lines 
lvhich can be fit with theory to yield the desired 
molecular parameters. Further applications of 
FTMQNlVIR to this and other substituted biphenyls and 
the development of computer simulations of model 
structures are undenvay. 

8-Prolon Liquid Crys1al 

Multiple Quantum Fourier Transform NMR Spectrum 

H H H H 

c5o11**cN 
H H H H 

D 11 -pentylcyonobiphenyl 

I 

~~~ ·' ' : )Jt)(jlll J~L 111~- I"] -~ 
Fig. 1. Multiple-quantum NMR spectra of 8-proton 
system from biphenyl part of molecule. From the 
n = 5, 6, and 7 region the conformation and dynam
ics are studied. (XBL 7912-5203) 

* * * 
·[Brief version of LBL-8565. 



8. SYNTHESIS OF LIQUID 1'11\JD SOLID CRYSTi\tS 

S. lVo lfe and i\. Pi nos 

In many an isotropic systems, it has been neces
sary to align the molecules of the sample so that 
they share some conTillon mode of orientation in the 
magnetic field. ll1is can be accomplished by 
1) growing the molecules into a , 
2) dissolving the compolmcl in a liquid crystal, or 
3) by synthesizing a liquid crystal 11'11ich contains 
an i.sotopically labeled moiety of interest. 

Solid single 5-20 nun in length 
are gr01m from or conunercially 
available material. TI1e material is first zone 
refined to provide a pure material. Tl1e crys-
tals are then grown by classical technique of 
slowly evaporating a saturated solution of the com
pmmd in a suitable solvent or for some compmmds 
the crystals are gr01v11 by l01vering a melt of the 
compomcl through a heat gradient in a Bridgeman 
apparatus. Both materials for single crystals and 
liquid have been synthesized Hi th deuter
ilm1 and carbon-13 labeling. Labeled material has 
been used to grO\\' single crystals of percleuteratecl 
material eloped with 5% protonated material to pro
vide a means for observing protons in single crys
tals Hithout intennolecular couplings. Liquid 
crystals such as, 4-n-alkyl-4'-cyanobiphenyls, for 
example, as shown in Fig. 1, have been synthesized 
with various labelings in order to study the con
fonnations of aliphatic chains and biphenyl rings. 
Liquid crystals have been synthesized in a perdeu
terated manner for use as a solvent for future 
applications in multiple quantum i\1]\fi'l. studies. 

D D D D 

N 

D D D D 

Fig. 1. Isotopically labeled cyanobiphenyl liquid 
molecule. (XBL 7912-5204) 

9. A\! ISOTROPIC REL!\..-\ATION OF DEUTERATED 
IIEXi\J\!EfHYLBENZENE 

J. Tang, L. Sterna, and A. Pines 

Molecules in solids may exhibit various kinds of 
symmetric motion. Hexamethylbenzene (NJviB) is a 
good example. The methyl groups (CD3) of the mole
cule reorient about their C3-symmetry axes rapidly. 
In addition, the whole molecule may reorient about 
its c6-axis at a slower rate. The spin-lattice 
relaxation at room temperature of deuterated hexa-
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methylbenzene-dl8 is caused mainly by the fluctua
tion of nuclear quandruple coupling by molecular 
motion about the c6-axis. The contribution of 
fluctuating dipole-dipole interactions is rather 
small and can be neglected. 

1\e have observed the anisot relaxation of 
I-!i1IT'l-c1t8. The anisotropy changes as the temperature 
changes from 70°C to -36°C: as predicted by our 
model (see . 1). The measurements of the tem-
perature dependence of the spin-lattice relaxation 
also confinn our model. Further investigations on 
l i.neshape changes and other I-!]I!B compmmcls 1vi th dif
ferent degrees of deuteration are in progress. 
·n1ese techniques are 'essential for an uncle 
of moleculRr dynamics in solids. 

2.0 

0 0 0 

e 

l+w2r: 2 
E" __ c_ 

I +4w2Tc2 

<!> 70.0'C 

o - 36.0'C 

Fig. 1. Orientation dependence of the spin-lattice 
relaxation rate Sn of deuterium in !-&1B-d13 for two 
temperatures. 111e anisotropy changes as tempera
ture changes from 70°C (w2TcL «l) to ·36°C. 

(XBL 7912-5 20 2) 

* * * 
ef version of LBL 8042. 

l 0. SPIN- Li\TTICE RELAXATION OF REORIENTING OR 
TUNNELINC; DEUTERATED ]I!ET!-IYL CROUPS 

J. Tang, S. Emicl, and A. Pines 

Unlike methyl groups (CI-l:)), the cleuterated 
methyl group (CD3) has different features in 
lattice relaxation. ll1e fluctuation of quadrupole 
coupling of the deuterons random roori entation 
or ttnmeling about their C3 synnnetry axis is the 
dominant relaxation mechanism. For random reorien .. 
tation at high temperature C? 77 K) Zeeman, quad
rupole, tllimeling and the rotation po lari zat ion 
systems are predicted to be mcoupled, in contrast 
to the 0-!3 case in \vhich Zeeman and rotational 
polarization systems, the dipolar and 
systems are coupled, respectively. For 
CD3 groups at l01v temperature ( «77 K) the Zeeman 
and tlUmeling systems are coupled and, consequently, 
the Zeeman spin-lattice rela\:ation is predicted to 
become non-exponential, see Fig. la, b. 



(a) 

0.5L.....--L.....---''------'--........J.-_........J. __ __J_ __ _j 

10 20 30 40 50 60 

Time (msec) 

0.5 

(b) 

2.0 4.0 6.0 8.0 

Time (sec) 

Fig. 1. 111e recovery of the intensity of the spec 
trum is plotted on the semi-logarithmic scale; 
(a) shows the spin-lattice relaxation at liquid 
nitrogen temperature and is exponential with T1 
1.1±0.1 sec; (b) shows the spin-lattice relaxation 
at liquid helium temperature and is the swn of two 
exponentials. [(a) XBL 7912-13586; 

(b) XBL 7912-13585] 
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The experimental results show that the relaxa
tion is eX}JOnential at liquid nitrogen temperature 
and becomes non-exponential at Equid helium tempera
ture, thus verifying the tmique expectations for 
CD3 relaxation. These effects arise from statisti
cal interference of the boson wavefunctions at low 
temperatures. 

tBrief version of LBL-10162. 

11. ROTATIONAL POLARIZATION OF SOLID lvlEIHYL IODIDE t 

S. Bni.d, L. Stema, and A. Pines 

In the gas phase the rapidly rotating C<: 10
13 

Hz) 
methyl group of the methyl iochde molecule CI-I3I 
generates a magnet1c moment wlnch can be detected 
through shifts in the rotational spectrwn of Ol3I 
in a magnetic field. The question arises as to 
whether this moment can be detected in the 
solid state. the solid 1vhere the rotation is 
strongly hindered by the nearest neighbor molecules, 
the methyl group is most accurately described as a 
torsional oscillator. The torsional energy levels 
are subdivided into three distinct synm1etries A, 
E1 and corresponding to the three irreducible 

of a The /\-states do not 
rotate and may be vi.e\\ecl as pure torsional oscil
lations. The E-states do rotate, imcl within a 

torsional level L1 cmd 1.: 2 rotate in opposite 
ons (sec Fig. l). The population difference 

L1- Lz is tennccl "Rotational Polarization." The 
nuclear on the group arc coupled to 
the torsional sublevels bv 1\s such, the 
spin states and rotor states t\1'0 thermo-
dynamic systcnLs iJ1 contact 11'i th one another. By 
altering the populations .i.n one system (i. c. chang
ing the temperature), the populations .i.n the other 
system wiLL be altered through the contact. 

\lie have been able to induce 
tion of the E1-states over the 
Rotational 1-'olanzat wnj in 
pulses to plUnp the nuclear spin and then 
allo1ving them to relax. Since the ori entation of 
the methyl groups is fixed in the solid, the rota-
tional polarization can he inverted a 180° 
of the sample (Note: although rotational relaxa
tion is very fast, relaxation of rotational 
polarization can be very slow ~1-100 sec). By 
performing sample flipping experiments and measur
ing subsequent changes in the nuclear spin state 
populations, \ve arc measuring the methyl group 
magnetic moment. I;uture \vork will be faci 1i tat eel 
by the usc of a ne\v sample flipping probe allo\''ing 
180°-sample flips in 0.1 sec vith 1° ac:uracy. 

. 1. Relation of L-statcs to methyl group rota-
tion. T11e sed i\1]\il{ induces a prcfcrcnt ial popu-
lation of (Xi3L 783-4788) 

"· 'Brief version of LBL-9997. 

12 . EXC:IIi\N CE OF ROTi\T IONAL POL\IU ZJ\T IO;-J l;-J MET1lYL 
GROUPS 

S. Emicl, L. Sterna, Y. S. Yen, and A. Pines 

1\s a consequenCE; of the Pauli Exc1usion Princi
ple·, the magnetization of the protons on a methyl 
group is coupled to the rotational polarization, 
where rotational polarization is a as~o-



ciatcd 1vith a rential rotati.on of the methyl 
group in one sense. r:rom the coupl to the 
rotational zation, the spin-latt ce relaxa-
tion of the magnetiwtion is non-exponential. This 
coupling can he used to probe the rotational dy-
namics and relaxation of methyl groups. · 

In , rotational polarization can be 
usee! to measure the degree of steric hindrance 
between methyl groups. J f t1vo aclj a cent methyl 

arc so sterical hindered that they rotate 
a gear-like manner, the rotational polarization 

of the two methyl groups tend to cancel. (In fact, 
it is identically zero 1vhen the t1vo methyl groups 
have their c3 axes at the same polar angle ~Vi th 
respect to the external magnetic field.) To demon
strate this, we have measured the relaxation curve 
of the proton of l, L] 5, 8 tetra-
methylnapthalenc (molecule a) and l, 4, S, 8 
tetramethylanthracone (moleculo b) in po1vdered 
form (fig. la,b), The relaxation of molecule a 
1vas fotmd to be o;qJonential ancl of molecule h to 
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be non-exponential. This is consistent 1vith our 
expectations using the concept of rotational polari
zation. il!olecule a has methyl groups that are more 
sterically hindered than b and hence would have a 
small net rotational polarization. Its relaxation 
curve should appoar e:-qJonential. 1110 methyl groups 
of molecule b are further and thus much 
less s ter.ically h.i.nclerecl. rot a tiona l pol a ri za-
tion should be larger and is in fact measurable, 
leading to a non- e;q)onent ial re 1 axation. The above 
argument considered only intramolecular interfer
ences. Certainly the i ntennolecular interforence 
should be taken into account. We are using rota
tional polari.zati on to study the transfer of 
rotational polarizat.ion in molecules 1Vith various 
separations of the:: methyl groups. 

(a) (b) 

1. (a) l,Jolc::culc:: a - l, 4, 5, 8 Totramethyl
napthalene. No rotational polarization (spatial 
polarization of the methyl rotor) can be fonnocl 
clue to coupling of the methyl groups. 
(b) Molecule - 1, 4, 5, 8 Tetramethylanthracene. 
Rotational polarization is fonnecl easily since the 
methyl groups are essentially Lmcouplccl. In the 
intermecliato case the transfer of rotational polari·
zation from one methyl group to another will be 
measured. (XBL 7912-5201) 

13. VISCOSTTY DEPCNDE,\iCE or Tl!E mCNETIC ISOTOPE 
EFFECTt 

L. Sterna, P. Mayc::da, S. Wolfe, and A. Pines 

In a free radical chemical reaction t1vo radicals, 
each of eloctron spin 1/2, diffusively encow1ter 
and form a radical in either a singlet (spin 

0) or triplet (spin = l) electronic state. Typi 
cally, only those radical pairs in the 
state can comhine to form product molecules 1vhi1e 
those in the triplet state undergo only unreactive 
collisions. The hyperfine coupling hetwc:;en the 
Lmpairc::cl electrons and tho nuclei present in the 
radicals can serve as an efficient means for induc-
ing intersystem of the:: radical from 
the triplet to the state. By preparing the 
radical pairs preferentially in a triplet state, 
those radical pairs containing nuclei of large 
hyperfinc coupling have a much greater 
probability of forming product than those Hithout 
large hyperfines. In the presence of other chemi-
cal processc:;s for the consumption of the 
radicals, it is poss to chemically separate 
isotopes of dif fc::rent (i.e. di fferc::nt h)1Jer-
fine coupling) . The Russ ian group of Buchachenko, 
et al. first reported using such a technique for 

clibenzyl ketone in Be, and we subse
quently enhanced the effect by sevoral means. Our 
calculations predict a strong viscosity dependence 
for this c::nrichment process. The:: enrichment is 
expected to exhibit a maximum in the viscosity 
dependence and then fall mvay to zero at either 
c::xtreme mvay from the maximum. Experiments have 
beon performed using ketone in Hhich the 
viscosity has been varied over four orders of mag
nitude. 'l11e c::xperimental data in Figs. 1 and 2 
show the:: expected features in the viscosity depend
ence. Work is being clone to detennine the position 
of the enrichment maximum and to further elucidate 
the behavior at high In add it ion we are 
developing model calculations in order to use these 
data to gain a bettor w1clerstanding of the micro
scopic diffusion of radicals in liquids and glasses. 

* * * 
·rBrief version of LBL-10594. 

-3 -4 
In F 

3~Pentonol 23°C 
'I)"' 7.0 cp 
y "0.939 

Fig. l. Dependence:: of enrichmc::nt in. dibenzyl 
ketone on conversion foT several viscosities. 

(XBL 785- 8675) 
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Fig. 2. Enrichment of dibenzyl ketone in 13c as a 
fw1ction of sol vent viscosity. 111e radical pairs 
are produced in a triplet state through photolysis 
of dibenzyl ketone and must w1cler~o intersystem 
cross to reform the ketone. lty and 13y are the 
quantum yields for loss of 12c and l3c containing 
molecules, respectively. (XBL 802-8214) 

14. COMPUTER PROGRA.MS FOR NJim. AND CONFOf\JvLA.TIONAL 
A1\IALYSISt 

J. Murdoch, S. Sinton, H. Weeks, and A. Pines 

111e need for computer is an important 
part of all areas of spectroscopy and of Nlv!R in 
particular. Computer programs and computational 
efforts in our group extend over a variety of 
topics but center arow1d three in particular. 
111ese involve the simulation of spin dynamics, 
theoretical spectral fitting routines and the sta
tistical analysis of carbon chain conformations. 
Currently, we are both on- and off-site com-
puter facilities in these applications. 

Computer simulated spin dynamics involves the 
use of the computer to simulate an "experiment" in 
which a sequence is applied to a system of 
coupled spins. 111e time evolution of the spin 
density matrix is follmved during the pulse se-
quence and matrix multiplications of the 
sort: 

p(t - iHt (t .) iiit 
= e p 

1 
e 
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for each time ordered portion of the pulse sequence. 
Crucial in this application is the availability of 
large amoLmts of computer memory storage and CPU 
time. For N spin-l/2 nuclei each of the above 

arrays ( (N/~) -M) x ((N/~) -MJ clements of 
storage is the Zeeman quantum number. This 
approach is applied to pulse sequences (such as 
selecti vc excitation in MQNiiiR) on a large munber of 

to sec the e ffcct of phase cycling on the 
n-quantwn 

,0ulother area of computer 
being developed is that of theoretical simulation 
of single and multiple-quantwn Nii!P. spectra for 
various types of molecular dynamics. Such theo
retical spectra are produced from a calculation of 
molecular parameters based on a model of geometry 
and dynamics. J\n optimized fit of the theory to an 
e)q)erimental spectrum yields refined parameters 
>vhich can be used to describe molecular structure, 
motionally averaged couplings and molecular poten
tials. Computer requi.rements are s innlar to t11ose 
in the case of n dynamics. Currently, a program 
using standard squares analysis and capable 
of simulating the n-quantum for up to ten 
spin - 1/2 nuclei has been Figure I shmvs 
a block diagram of the program fl01v involved in 
such a calculation. 

. 1. Flow diagram 
computer program used in 
tral simulation. 

* * * 
tBrief version of LBL-10593. 

iterative 
Quantwn l\f:\IR spec

(XBL 7912-5205) 

HE SEARCH PLANS FOR CALENDAR YEAR 19 8 0 

Eescarch will continue in the following areas: 

Selective excitation and detection of n quantLUn 
transitions. After developing further the phase 
cycling technique, an effect 11•i 11 be made to pro
duce high n-quantum excitation (e.g. n=l2) \vith 
good sensitivity. 

Correlated motions studied by mult -quantum 
relaxation. Applications \vill include coupled 
molecular groups and sequential motion in 1 

chains. Extension to tLumcling motions 
at low temperatures will begin. 



Rotational polarization \\'.ill he produced by 
Zeeman saturation and by optical pcunping. 11w 
relaxation to phonon:; and the migration of the 
rotational polari ".ati Jn wiU tJe studied. 

~lolecuLar orientation at liqui,d interfaces hill 
be studied. This 11·il1 include hydrocarbon chain 
ordering in ternary· mixtures. The relationship to 
Liqui cl phases 1\il 1 be invest Statistical 
mechanics of oriented chains Kill be studied. 

1979 Plfl3LICATIONS A\JLl FEPORTS 

Refereed Journals 

l. D. Su1,•elack, ill. 01chr , and A. Pines, "Quanti
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a. Photon-Assisted Surface Materials and Mechanisms* 

Gabor A. Somorjai, Investigator 

1. PIIOTOCATALYfiC HYDROGEN PRODUCriON FRO~! WA'I'ER 
OVER SrTi03 CRYSTAL SURFACES' 

F. T. Wag11er and G. A. Somor:i ai 

Sustained photogeneration of hydrogen was ob
served on metal-free as well as platinLzcd SrTi03 
single crystals i llumi.nated in aqueous alkaline 
electrolytes or in the presence of electrolyte 
films. Hydrogen evolution rates increased with 

hydroxide concentration most strongly 
at hydroxide concentration above 5 N. Both 
stoichiometric and prereduced metal-free crystals 
were active for hydrogen photoproduction. No 

was observed from crystals in neutral 
solutions or in water vapor in the 

absence of a crust of basic del compound. 
Metal-free crystals appear to evolve hydrogen via 
a photocatalytic mechani.sm in which all 
occurs at the illuminated surface. The results 
allow direct comparison of photocatalytic and 
photoelectrochemical processes and have implica
tions for the development of heterogeneous photo
catalysis at the gas-solid jnterface. 

'f.: * * 

I Brief version of LBL-9942 and LBL 10020. 

2. ELECTRON SPECTROSCOPY (XPS i\?\D UPS) STUDIES 
OF THE ADSORPTION OF , A:\JD II 20 ON REDUCED 
AND STOICHIOtvlETRIC 

S. Ferrer and G. A. Somorjai 

About one monolayer of species is detect-
able at the surface of reduced SrTi03(lll) single 
crystals by XPS and UPS. Oz, Hz, and HzO have 
been adsorbed Ln the dark and the decrease on the 
concentration of Ti3+ species has been monitored 
as a function of the gas exposures. Subsequent 
band gap illumination restores the Ti 3+ 
initial concentration the cases of o2 and Ilz 
exposures but not in the case of H70. 'I11e 
Ti3+ photogeneration on the oxygen~covered surface 
is associated with m.;rgen photodesorption as 
indicated by XPS and UPS. UPS measurements give 
evidence for surface hydroxylation resulting from 
water and hydrogen ion. 

This work was supported by the Division of 
01emical Sciences, Office of Basic Energy 
Sciences, U. S. of Energy. 

'I11e of the stoichiometric SrTi03 (ll1) 
crystal face Oz and Hz adsorption is very low 
when compared with the reduced SrTi03 samples. 

* * * 

Bri_ef versi.on of LBL-10037. 

3. IUCH TBv!PER!\TURE PHOTOCATALYriC DISSOCIATION 
OF H20 ON SrTi03 Ai'ID Ti02 

R. Carr and G. A. Somorjai 

Dissociation of HzO on SrTi03 appears to involve 
a catalytic surface reaction in which hydroxylation 
of the surface is necessary. In order to investi
gate this idea i.t was proposed to hydroxylate the 
surface with steam and not an electrolyte solution 
as is conventionally clone. A steam atmosphere 
cell was constructed and connected to a gas chroma
tograph for analysis of reaction products. 

It was found that TiOz and SrTi03 both yielded 
Hz from dissociation of HzO upon exposure to band
gap light in the presence of l-3 atm of steam at 
l20°C. Some metal, usually Pt or Rh deposited 
on the surface by evaporation, was found to be 
necessary, probably for Hz recombination. There 
are temperature effects which might not shmv up 
in electrochemical cells at room temperature; but 
these results, at pH 7 and with no external bias 
on the TiOz, as is necessary in the electrochemical 
cell, indicate a reaction mechanism different from 
conventional electrochemistry. This will be ex
plored further. 

RESEARO-l PLANS FOR CALENDAR YEAR 1980 

The photoclissociation of water on other oxides 
(Fe3o4, TiOz) will be e:A.'})lorecl. The high tempera
ture reactivity of SrTi03 for photodissociation 
will be explored using steam. The photoclissocia
tion of HzO will be combined with other 
reactions involving COz, CO and Nz. 

1979 PUBLICATIONS .1\ND IZEPORTS 

LBL Reports 

1. F. T. Wagner, S. Ferrer and G. A. Somorjai, 
"Photocatalytic Hydrogen ProductLon from Water 



over SrTi03 Crystal Surfaces, Electron Spectroscopy 
Studies of Adsorbed liz, Oz and HzO," LBL-9942. 

2. S. Ferrer and G. A. Somorj ai, "UPS and XPS 
Studies of the Chemisorption of 02, Hz and H20 
on Reduced and Stoichiometric SrTi03(lll) Surfaces. 
The Effects of Illumination," LBL-10037. 

3. F. T. Wagner and G. A. Somorjai, "Photo
catalytic and Photoelectrochemical Hydrog(m Pro
duction on Strontium Titanate Single Crystals," 
LBL-10020. 

4. J. C. Hcnuninger, R. Carr, W. J. Lo and G. A. 
Somorjai, "Photochemical Processes at the Solid
Gas Interface: The Adsorption and Reactions of 
Gaseous COz and H20 on Pt-SrTi03 Single Crystal 
Sandwiches," LBL-8841. 
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Invited Talks 

l. G. A. Somorj ai, "Photochemical Reactions of 
HzO and COz on Solid Surfaces," UC Berkeley, 
Department of Physics, Feb. 2, 1979. 

2. G. A. Somorjai, "Photochemical Dissociation 
of Water over SrTi03 Crystal Surfaces," 3rd Solar 
Photochemistry Research Conference, Asilomar, CA, 
June 19, 1979. 

3. G. A. Somorjai, "Surface Structure and Water 
Adsorption," International Conference on Non
Traditional Approaches to the Study of the Solid
Electrolyte Interface, Snoh~nass, Colorado, Sept. 
24-25, 1979. 
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b. of Materials in the 

H. S. Johnston, Investigator 

1. ABSOUHT: Qllt'-'TlJi'·l YHLDS FOR T\\'0 Cl!A:\:"'JELS OF 
PHOTOLYSIS OF N0 3 FREE RADICAl) 

F. ancl !!. S. Johnston 

The absolute photoclissoci.ation quantlUn yields 
Cor \J03 along t\\·o clwnnels, (1) \JOe; + hv _, NO + o~ 
and (2) :.J03 + hv + :.iOz + 0, \''ere ol)tained by tun-~ 
able laser fletsh photolysis and resonance- fLuores
cence detect ion or the proclucts 0 and NO. The 
maximum quantum Cor channel 1 \v-cl-S 0. 32 and 
was observed at nm; the maximtun quantum iclcl 
for channel 2 1\as 1. 00 and was observed at nm. 

111e calculated first-order rate coefficients for 
photolysis at the surface o[ the earth bv the over
heod ::;~~1 \\as: _ij = 0.022 ".002 s-1 and ] 2 = 0.18 ± 
. 018 s . 

The photochemistry of the ni tratc free radical, 
N03, is of poss ib Lc importance in the tropospheric 
ancl ozone beLl ance. :.Ji trogcn dioxide 
and state atomic oxvgen, o(3P), arc 

poss iblc for of 1vavclcngths less 
580 nm, zmd NO and Oz could be produced at any 
\vavclengths belmv 8 ]Jm. Using red, yellmv, green, 
and blue f1 uorcsccnt lmnps, Graham and .Johnstonl 
demonstrated that both channels of reaction occur, 
but they could not get the wavelength-dependence 
nor sharp values for the quantlun yields. 

A complete of the apparatus and pro-
cedure is gi von elsc\\hcre, 2 but the sallent features 
arc described here. The photolytic source is a 
pulsed, P!!i\SE-R clve laser with 400 ns pulse 1vidths, 
capable ol: producing 1 to 2 Joules of visible radi 
ation pulse and bct1vcen 6 m1el 10 millijoules of 

radiation upon doubl Wavelength 
measurements 1vcrc made ~Yith a one-meter grating 
monochromator and Princeton i\pplied Research optical 
multichannel with a resolution of 0.04 nm. 
The laser beam passed through a photolysis cell of 
10 em length; at right angles the beam of 
raqiation 11'hich cxci ted the resonance line of either 
O('P) or \JO; and along the third perpendicular axis 
the resonance fluorescence \vas detected by photon 
colmtlng. The fluorescent signal was processed by 
a thousand channc~ analrzcr, and multiple laser 
flashes (2 9 to zL) 1vcrc to a 

curve. Baseline subtraction data 
\vcre carr i.ecl out \''i th onc-1 inc minicomputers. 
linear for \JO and for 0 analysis was estab-
lished, and calibration curves 1vere constructed. 

A flowing s trcam of carrier gas, usually , 
picked up a small concentration of :\zOs vapor from 
a temperature-controlled saturator; the concentra
tion of :\zOs and !l'i0:5 in the streom \,'as measured by 
infrared absorption; and just before the 
photolysis cell the concentration of nitrogen 

~~~-
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dioxide in the stream (formed by the slow irrevers
ible decomposition of NzOs) was measured by laser
cxc~ted NOz fluorescence. From the measured values 
of NzOs and NOz, the concentration of N03 could be 
calculated from the equilibrilTill constant. 

K 

since NzOs is in rapid, reversible equilibritm1 
with respect to NOz and N03. 

(1) 

(2) 

The absolute calibration of the resonance fluo
rescence measurements of atomic oxygen and of 
nitric oxide was carried out by photolysis of NOz 
rn the near ultraviolet spectral region 

N0
2 

+ hv + NO + 0 (3) 

and also the calibration was carried out for nitric 
oxide in the visible region of the spectrum by 
photolysis of nitrosyl chloride 

ONCl + hv + NO + Cl (4) 

The quantum yields were already known both for NOz 
photolysis and for ONCl photolysis. 

The laser "fluence," E, is defined as the total 
ntm1ber of photons per unit area in the pulse. The 
fraction of mole~ules that absorb radiation in one 
pulse is (1 - e-Eo) where o is the cross section. 
There are two relatively simple regions: for low 
intensities 1 - e-~o is equal to Eo, and at high 
intensities 1 - e- 0 approaches one. An example 
of the t~ne decay of the atomic-oxygen resonance
fluorescence signal at high fluence is given by 
Frg. 1. The decay of the signal was caused by flow 
and by diffusion of atomic oxygen out of the region 
of observations. An example of the NO fluorescence 
signal is given by Fig. 2. In this case, there is 
an initial value for NO and then an increase fol
lowed later by a decay. The increase of NO over 
the first few milliseconds is caused by the re
action 

(5) 

and the decrease in signal is the result of gas 
flow and diffusion. By extrapolation to zero time, 
the amount of NO produced by the photolysis of N0 3 
was,obtamed and by evaluatron of the initial slope 
on hg. 2 the amow1t of 0 produced by photolysis of 
N03 could be determined also. 

Quantum yields for 0 and for NO were obtained 
both for high fluence and for low fluence in order 
to check on possible two-photon photolysis. All 
studres were made at 296 K and 10 Torr total pres
sure. The quantun yields for NO production are 
given as a function of wavelength at high and low 
Eo m Frg. 3. The quanttm1 yield for NO falls to 
zero at short wavelengths where the second channel 
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Fig. 1. Resonance fluorescence of atomic oxygen as 
a function of time after flash photolysis of No 3 at 
585.0 run with high value of Eo. (XBL 799-7105) 
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Fig. 2. Resonance fluorescence of nitric oxide as 
a function of tlille after flash photolysis of N0 3 at 
589. 3 nm with high value of Eo. (XBL 799-7107) 

(N02 + 0) becomes energetically allowed; but, 
curiously, the NO quantum yield also falls to zero 
at long wavelengths, even though N03 has very in
tense absorption bands in this region (the top 
panel of Fig. 3). Under these intense absorption 
bands, some two-photon production of atomic oxygen 
was found. Mter excluding such two-photon 
processes, the absolute quantum yields for atomic 
oxygen are given by Fig. 4, which also includes 
the quantum yields for NO production. For atomic 
oxygen production the quantcun yield is 1. 0 at the 
threshold, falls rapidly to zero at energies below 
the threshold (the finite values preswnably arising 
from "hot bands" in N03), and it falls to a plateau 
with value 0.8 below 540 nm. 

The quantum yield functions <Ji(:\) of Fig. 4 were 
combined with the cross section functions o(:\) and 
with the distribution of solar radiation3 at the 
earth's surface with an overhead sun I(>,) to cal
culate the N03 photolysis coefficient 

j ~ L I(A)O(;\)<Ji(;\) 
A 

The values are 

(6) 
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Fig. 3. The relative absorption cross section of 
N03 above 580 nm (top panel); the absolute quantum 
yield of nitric oxide with high Eo (middle panel); 
and the quantum yield of NO with low Eo. 
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Fig. 4. Comparison of absolute quantum yields of 
0 + N0 2 and of NO + o2 in the one--photon photolys1s 
of the N0 3 free radical. (XBL 799-7077) 



At and under the intense ab-
sorption peaks at and 660 run, the total quantcnn 
yield, h + ¢ 2, 1s very nearly zero. An effort 
was made to ob:serve resonance fluorescence or flu-
Ol'escence sln ftcd to longer , but no 
fluorescence could be seen under conditrons where 
the signal-to-noise ratio should have exceeded 100 
if the fluorescence quantum yield was wnty. This 
study leaves lmanswered the question as to what 
happens to the absorbed at long wavelengths, 
especially so for at 623 and 660 nm. 
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2. RATE CONSTAJ\JT FOR THE REACTION OF 0 (3P) WITH 
NITROGEN DIOXIDE·~· 

F. Mag11otta and H. S. Johnston 

Dunng the course of a separate study to deter
nnne the absolute oxygen atom quantum yields from 
photolysis of N03 and Nz05, a substantial amount of 
data was accumulated, measurrng the reaction rate 
of atomic o:A;gen wrth nitrogen dioxide. 

(1) 

This reaction has been studied by several inves
tigators m the past ,1-3 but the rate constant rs 
strll judged4 to be uncertain to 10 percent 

k(298 K) ~ 9.3 ± 0.93 

(2) 

In this study atomic oxygen was produced by the 
flash laser photolysis of N0 2 , N03, and Nz05, and 
the consumption of the atomrc oxygen was followed 
by i_ts resonance fluorescence. 

The apparatus is the same as that used to mea
sure the quantcnn yields for N03 photolysis. The 
concentrations of nitrogen dlOxide in the reaction 
cell Has detennined by fluorescence as excited by 
a hel1cnn-caclJnrcnn 1 aser. Careful consideration of 
this measurement was made, because of its criti-

in detennining an accurate rate constant. 
The apparatus was calibrated with eight separate 
preparations of variously purified NOz. A tank 
mixture with 115 parts per million of NOz in nitro
gen was used for recalibration of the sys
tem, and the concentration of the tank mixture was 
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before and after the senes of nms by 
optical absorptron using a Cary l18C in a three 
meter absorption cell at 400 run. A sl01v flow was 
mamtamed to prevent NOz loss to the \valls, and 
the total pressure was measured 1vith an MKS capac
itance manometer. 

Photolyses were carried out during fourteen 
series of experiments, and rate constants were 
obtained for 144 individual runs. Data were ob
tained by photolys!.s of N0 3 with visible light, by 
photolysrs of NOz at 351.8 nm 1vi th and without the 
presence of Nz05, by photolysis of Nz05 at 290 to 
300 run, and by two-photon photolysis of NOz between 
470 and 585 ru11. All runs were made at 296 K and 
with 10 Torr of as buffer gas. Atomic oxygen 
was observed by resonance fluorescence, and it 
undenvent a first-order decay, which included both 
the reaction of interest and diffusion of the beam 
of atoms. In some cases a small correctron was 
made for the rate of the reaction of atomic oxygen 
with the nitrate free radical, N03 + 0..,. NOz +Oz. 
By extrapolating the empirical first-order rate 
constant, 1/r for atomic o:A;gen, to the initial 
time, the effect of diffusion was evaluated and 
eliminated. The hrst-order rate constant (cor
rected for drfflLsion and for reaction wrth N03) 
divided by the concentration of NOz gives the 
second-order rate constant for the reaction of 
mterest (Eq. 1) 

The corrected first-order rate constants were 
averaged rnto fourteen sets, and these averaged 
rate constants are plotted against the average con
centration of NOz in each set, Fig. l. The slope 

~,., 

0 3 
6 10 

1014 

N02 (MOLECULES ·CM- 3 ) 

Fig. 1. A plot of the empirical first order rate 
constant corrected for reaction of 0 (3P) with N0 3 
and corrected for diffusion against the concentra
tion of n1trogen dioxrde 1n the cell. The slope is 
the second order rate constant. (XBL 799-7099) 



of the line is the second order rate constant, 
Giving equal weight to each of the 144 runs repre
sented by the data in Fig. 1, a lJnear least-squares 
analysis gave the rate constant 

-11 3 -1 -1 
k

1 
= (1.033 ± .008) x 10 em molecule s (3) 

and the first-order diffusion constant was found to 
be 

-1 
k(diffusion) = 102.7 ± 8.4 s (4) 

where tl1e error range is the standard error based 
on the precision of these data. 

This rate constant is about 10 percent higher 
than the currently recommended value.4 Because of 
th1s discrepancy, this experimental method was scru
tinized for possible systematic errors. All as
pects of the absolute calibration for NOz were 
closely checked. No errors could be 
found. 

Since this method differs from the previous re
sults and since no systematic errors could be found, 
one can ask if this method has any possible advan
tages over the previous methods. This study used 
slow contmuous flow of NOz, which equilibrated NOz 
in the gas phase with that absorbed on the walls. 
Several previous studies were statlc and absorption 
of NOz by the walls was an unknown factor. This 
method carried out in-situ monitoring of NOz concen
tration, wh1ch was not usually clone by previous in
vestigators. 

258 

It may be that there is an wuecognized system
atlc error 1n this study, or it may be that previous 
investigators had unrecognized systematic errors. 
The precision of the present study 1s 0.8 percent. 

* ').,· * 

'~"Brief version of LBL-9981. 
1. D. D. Davis, J. T. Herron, and R. E. Huie, 
J. Chem. Phys. 58, 530 (1973). 
2. P. P. Bemancr:- M. A. A. Clyne, and R. T. Watson, 
J. Chem. Soc., Faraday Trans. II 70, 564 (1973). 
3. T. G. Slanger, B. J. Wood, andG. Black, Int. J. 
Chem. Kin. 5, 615 (1973). 
4. "Chemical Kinetic and Photochemical Data for 
Use m Stratospheric Modeling, Evaluation 112," 
NASA, Jet Propulsion Laboratory, Pasadena, 
California, April 15, 1979. 

3. ABSOLUIE QUANTUM YIELDS FOR PHOTOLYSIS OF 
DI -NITROGEN PENTOXIDI~t 

P. Connell,* F. Magnotta, and I-!. S. Johnston 

D1-nitrogen pentoxide reversibly d1ssociates to 
n1trogen dioxide and the N03 free radical 

(l) 

The rate-determming step in the irreversible de
composition of N2o5 is the reaction of nitrogen 
dioxide :mel to produce nitric oxide. 

(2) 

Upon photolysis, both NOz and N03 give pnmarily 
atomic oxygen as product. On such considerations 
as these, it has been considered possible that 
photolysis of NzOs could be by way of any of the 
three charmels 

N
2
o

5 
+ hv + N0

2 
+ No

3 

+ NO + o2 + N0
2 

+ 2 N0
2 

+ 0 

(3) 

(4) 

(5) 

The method of laser flash photolysis of N20s ar1d 
resonance-fluorescence detection of 0 and of NO, as 
described in the section above, was used to measure 
the absolute quantum yield for reactions (4) and 
(5) ,1 at 10 Torr pressure and 296 K. By studying 
the photolysis of NzOs in a static cell, a flowing 
cell, and in a flowing cell with modulated photo
lysis lamps, information was obtained about reaction 
(3), as well as about the other two channels 2ver a 
wide range of temperature and total pressure. 

The concentrations of NzOs, HN03, and NOz were 
measured by mfrared absorption in a s11Jca reaction 
cell 28 em in diameters and 100 em long, which was 
contamed in a large thennostated box. The cell was 
irradiated by four low pressure mercury arcs con
tained msicle one-meter long sillca dewar flasks 
containing chlorine gas as a f1lter. These lamps 
were modulated to give square-wave photolysis pulses, 
and the modulation amplitude and phase shift of re
actants and products were measured. The general 
method has been described in detail by Graham.3 The 
expenments were supported by extensive model cal
culations for various assumed chemical mechan1sms. 

Previous investigators 4' 5 have fow1d the quantwn 
yield of N2o5 photolysis to be about 0.6, which was 
interpreted to mean that the primary products were 
NOz + N03 and the low observed quantum yield was 
caused by recombination of NOz and N03 to refonn 
N2o5. At constant initial concentrations of NzOs 
and with widely varied concentration of inert gas, 
Nz and Oz, these old findings were confinned. 
However, a wide variation of initial NzOs concentra
tions gave a different result. At low concentra
tions of N2o5 the quantum yield approaches unity 
and at high concentrations of NzOs at room temper
ature it approaches a finite value.l These find
ings suggest the mechanism 



With th1s mechanism the 
is 

state quantum yield 

kl + k3[N205] 

kl + (k2 + k3) [N205] 

At high concentration of Nz05 the quantum y1eld 
approaches one, ;mel at low concentrations of NzOs 
the quantum yield k3/ (kz + k3), wlnch 
agrees with observations if the primary products 
are not NOz and N03. 

To obtain the absolute and relative quantum 
yields for the other channels of photolysis, 
2 N02 + 0 and NO + 02 + NOz, was photolyzed 
between 250 and 300 nm at 10 total pressure, 
at 298 K, and with N2o5 concentrations between 7 
and 18 x 1014 molecules cm-3 The quantum 
for production of atomic m.ygen is shmvn in 
the dashed line is based on the quantum yield 
N2o5 destruction with a state photolysis. 
The quantum yield for fonning atomic oxygen appears 
to be about 10 percent below the curve for Nz05 
destruction as fow1d by the other method; however 
the results agree within the range of their mutual 
experimental errors. 
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Fig. 1. Data points and estimated error bars for 
quantum yield for production of atom1c oxygen from 
the photolysis of N2o5 at 250 run, 298 K. The clashed 
line is clenved from observed quantun yield for NzOs 
destruction by steady-state method. (XBL 799-7094) 

Experiments were perfonnecl to detect nitric oxide 
as a product from NzOs photolysis at 295 nm. After 
sufficient pulses easily to detect 2 x 1010 
molecules em- of NO, no pr1mary production of 
nitric oxide could be detected. From the conditions 
of the experiment, an upper 1mtt can be placed on 
nitric oxide quimtun yield, ¢No ;;;o.L 

The pnmary products in the photol~sis of NzOs 
between 250 and 300 nm are 2 NOz + 0 (- P) , and the 

quantun yield is one. The other possible 
of photolys1s, NOz + N0 3 and NO + 02 + NOz 

occur with a quantlnn yield of 1 ess than 0. 1. 
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4. ISOTOPE EFFECT ON THE ill"TRAVIOLET ABSORPTION 
SPECTRUJil OF NITROUS OXIDE!-

G. Selwyn and H. S. Johnston 

The absorption spectrun of nitrous oxide .in the 
170 to 200 run wavelen~th range 1s forbidden, but 
allowed by bending.l- This feature leads to a 
strong increase in the absorption 1.ntensity as the 

is raised. The molecule is thouoht to 
in the excited electronic state,2,s,() and 

1t is linear in the ground electronic state. To 
obta1n information about the excited electronic 
state, a study w1ls made ~ere with1£oys isotopic 
spenes: NNO, bl\JNO N1 NO, and ~ NO, where un
labeled N refers to 14N. The absorption spectrun 
of each species was measured between 173 and 197 nm 
wavelength and at six temperatures between 150 and 
490 K. The resolution was 0. OS run, and 
1250 data pomts were collected for each spectrun. 
An example of the data is gi vcn by 

1, showing the strong effect of temperature on 
spectra of 15Nl5No. 

There is a weak continuous spectrun arising from 
the grow1d (000) vibrat:i.onal state and a relatively 
strong banded spectrum arising from the (010) vibra
tional state. By calculating the thermally excited 
population of the (010) state for each of the var
ious temperatures, one can separate the (000) and 
(010) spectra. An example of the separated NNO 
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F1g. 1. Optical ©bso~~tion cross-sect1on (CSN) in 
multiples of 10- 1 em as a function of wave number 
for six temperatures between 150 and 490 K for 
15Nl5No. The intensity of abso1~tion increases with 
increasing temperature. (XBL 792-8588) 
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Temperature-resolved spectra for ground 
state (000) and first excited bending 

vibrational state (010) isotopic species of 
nitrous oxide,14N14NO and (XBL 792-8605) 
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spectra and l5N15No spectra 1s given by Fig. 2, and 
a good separation of the two spectra can be seen. 
At low the peaks are not well defined and 
an 1sotopic shift could not be evaluated. The high-
est band is noisy because the wavelength 
limit the instnnnent (Cary 118C) is being ap-
proached. For 10 bands, isotope shifts could be 
evaluated and these arc labeled K = 0 to 9, where 
the of K to the origin of the vibrational 
progression is w1known, on the basis of the spec
trum itself. 

The origi.n of these spectra 1s the (010) vibra
tional state of the ground electronic state. The 
fw1clamental frequencies of1 ~his state are defined as 
v 1 '' for NNO and as v2'' for NlSNo, where energ1es 
arid frequencies are expressed in units of cm-1. The 
energies of these states then are 

E " 2 

The observed infrared spectra7 give the frequencies 
v1" and ' The energies of the vibrational bands 
in the excited electronic states are 

where Te is the difference in energy between the bot
tom of the potential wells in upper and lower elec
tronic states and the Q' s represent anhannonic and 
other htgher order terms. The observed spectral 
transitions for each isotopic species correspond to 
the energy changes 

The 1sotope effect on the spectra is the double dif
ference between initial and final state for one iso
topic species and the other. Since the energies 
v1" and vz" are lmmvn from infrared spectra, c.m ob
servable double difference is defined as 

L\L\E (LIE + 3/2 v ") - (LIE + 3/2 v ") 
1 1 2 2 

In tcnns of theory this observable quantity is inter
preted as 

where n' = 0, l, 2 o o • but its origin is unlmmvn. By 
dividing through by n' + 1/2, one obtains 



Q f - Q f 

v f + ~1 ~~~-2~ 
2 (n' + 1/2) 
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The d1fference in anhanno;1 terms, Q1 ' - Q7 ' lS 

expected to be small compared to v1 ' - ' and~ to 
increase no faster than n' + 1/2, imd tenn is 
dropped to give 

(ME)OBS 

N + K + 

where n' = N + K, K munbers the sequence of observed 
vibrational bands, and N is the Lmkn0\v11 vibrat10nal 
quantLUn number of the first evaluated band (K = 0). 
NLUnbers between 0 and 14 were tentatively ass1gned 
to N, and ME/ (N + K + 1/2) was plotted against K 
for each of 10 observed bands; examples for N = 2, 
5, 8, and 14 are plotted m . 3. For the proper 
value of N, each tenn should the same and equal 
to 1 1 If N is too large, the tenns increase 

K; and 1f N lS too small, the tenns 
decrease with increasmg K. From Fig. 3 it can be 
seen that the fLmction ME/ (N + K + 1/2) 
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Fig. 3. Plot to determine origin of 
vibration progression in upper electronic state of 
nitrous oxide. The sequence of observed spectro
scopic isotope shift is plotted for various assLUned 
origins of the progressLon. Tho correct origin 
should give a horizontal line and tho value of the 
isotope effect. (XBL 801-7808) 

Table l. The isotope shift for the (010) vibrational 
band of the upper electronic state of 
nitrous oxide. 

-1 
Isotopic species bv', em 
--~---~----- -·~~----· -----~·--

NNO - N
15

NO 4.9 ± 1.5 

NNO - 15
NNO 8.0 ± 1 

NNO - 15Nl5NO 10.8 ± 1 

for N = 2, is very nearly constant for N = 5, and 
increases for N = 8. Plots for N = 3, 4, 5, 6, 7 
show that this test is LUlcertain to plus or minus 
one quantum number; but for all pair-wise compar-
isons of the effect the best value of N is 
5 ± 1. Those are sLUmnarized m Table 1. 
This assignment identifies the origin of energy of 
the electronic state: Tw = 51210 ± 480 em 
or 6. oV. 
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5. INSTf'vYfANEOUS GLOBAL OZONE BALANCE INCLUDING 
OBSERVED NITROGEN DIOXIDEJ· 

" S. Solomon, II. S. Johnston, M. Kowalczyk, and 
I. Wilson§ 

Tho importance of the oxides of nitrogen in af-
the ozone balance has been a 

subject of interest in atmospheric chemistry for 
several yoars.l Recent measurements of strato-
spheric dioxide from ground-based stations 
as well as aucraft and balloons have provided a 
first approximation to a global clistributlon of N02 
vertical colLUlUlS. Noxon and co-\vorkers have pre
sented measurements of tho stratospher1c colLUml of 
nitrogen dkOXlcle, NOz, at munorous lat1 tudes a.'1d 
soasons.2,.) There arc now several NOz profiles up 
to tho middle stratosphere obse rvod frolll balloons. 4-7 



Dlitsch has revi.ewed all of the available data on the 
vert1cal ozone distribut1on measured 1\!1 th chenncal 
sondes and one year of ozone data obtained by back-
scattered radiation from the Nimbus 4 
satellite. 

These recent measurements of temperature, ozone, 
and nitrogen d10x1de have been taken, and by use of 
a photochemicCJl model the observed NOz columns 
(Fig. 1) have been trm1slated into time-dependent 
vertical profiles, which were then extended to 
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Fig. 1. Observed PM vertical columns of strata
sphene nitrogen dioxide, fall-spring: ® Noxon,2,3 
Fig. 1; l.'J Noxon, Fig. 2; 6 Noxon, Fig. 3; D, 
Harries et al.; 5 C, Murcray et al. ; 6 B, Ogawa; 7 
A, Ackerman et al. 4 The line is that used as the 
primary case for this study. (XBL 801-7809) 
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global stratospheric distributions (Fig. 2). The 
global distribution of the rate of NOx catalyzed 
destruction of ozone was evaluated by the method of 
instantaneous rates. 

The method of instantaneous rates has been de
scribed previously.9,10 Briefly the observed dis
tribution of temperature, oxygen, ozone, and incoming 
solar radiation outside the atmosphere are used to 
calculate photolysis rates on a grid containing 1 km 
vertical intervals, 10° latitude intervals, and 15° 
longttude intervals. Rayleigh scattering and albedo 
effects are treated by ~he method of Isaksen et alil 
The concentration of 0( P) is calculated at each 
grid point using the steady-state approximat1on. At 
each grid point three independent components of the 
global ozone balance were evaluated:lO (a) The 
rate of ozone production from the photolys1s of oxy
gen, P(0 3), which is 2 j [Oz], 

o
2 

+ hv (A < 242 nm) 7 0 + o (slow) 
(1) 

+ M) x 2 (fast) 

net: 

(b) The rate of ozone destruction by the pure oxygen 
family of reactions, L(Ox), which is 2 k[OJ [03], 

o3 + hv (uv, vis) + o2 + 0 (fast) 
(2) 

(slow) 

net: 

-90 -60 -30 0 30 60 90-90 -60 -30 0 30 60 90 
Fall Spring Summer 

LATITUDE 

Winter 

. 2. Daytime average nitrogen dioxide concentrations in units of 109 molecules cm- 3 

(XBL 801-7807) 
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(c) The rate of ozone destruction by the oxides of 
nitrogen, LCNOx), which is 2 k'[O][N02], 

NO + 0
3 

7 N0
2 

+ o2 (fast) 

o
3 

+ hv (uv, vis) + 02 + 0 (fast) (3) 

N0
2 

+ 0 + NO + 02 

net: 2 o
3 

+ hv + 3 02 

In each of the above cases the loss or production of 
ozone resulting from the catalytic cycle is given by 
the rate detennining step in each cycle. 

The relat1ve role of the pure oxygen species and 
the oxides of nitrogen in the global ozone balance 
lS examined in Tables l and 2. The 24 hour average 
column rates between 15 and 45 km for ozone photo
chemlcal production P(03) for ozone destruction by 
Ox reactions L(Ox), and for ozone destruction by NOx 

are listed for each latitude between 80 °5 and 80 °N 
in Table 1. For fall- spring cond1 tions, the rate 
of ozone production at 80 °N or 80 °S is very slow 
(about 10 percent of that at the equator), and the 
destruction rates, L (Ox) + L CNOx), arc about t11rice 
as fast as the photochemical production. At mid
latJtudes (30° - 60°) the 15 to 45 km colunm rate 
of ozone destruct10n by Ox is about 14 percent and 
that by NOx reactions is about 55 percent of the 
rate of ozone production. In tropical regions the 
percentages arc 14 for L(Ox) and 35 for L(NOx). 

The global sums of P(0 3), L(Ox), and L(NOx) over 
various altitude bands of 5 ]Qn width are given in 
Table 2. Between 45 and 50 km the role of NOx is 
quite small, LCNOx) be1ng only seven percent of 
P(03); over this range L(Ox) is 23 percent of P(03). 
Between 40 and 45 km, the Ox and NOx reactions are 
about equally important 1n balancing ozone, and c:1ch 
destroys ozone about 25 percent as fast as i.t is 
produced. Between 30 and 40 ]Qn, the Ox reactions 
destroy ozone about 10 percent as fast as it is pro-

Table 1. Twenty-four hour average column rates (15 to 45 km) in units 

of 1011 molecules -2 -1 Spring NH, fall SH (south pole em s 

is -90°), 

Prod. 
Lat. 03 Ratio L/P 

2 j [00] 2 k[O] [0
3

] 2 k[O][N02 ] NOx Both 
L 

-80 14 2 28 0.13 1.95 2.08 

-70 33 3 20 0.09 0.61 0. 70 

-60 51 5 21 0.11 0. 40 0.51 

-50 67 9 26 0.14 0.39 0. 53 

-40 81 13 49 0.16 0.60 0.76 

-30 94 14 64 0.15 0.68 0.83 

-20 106 16 47 0.15 0.44 0.59 

-10 112 17 36 0.15 0.32 0. 4 7 

0 119 16 35 0.13 0.29 0.42 

10 117 16 37 0.13 0.31 0.44 

20 110 14 45 0.13 0.41 0.54 

30 100 13 53 0.13 0.53 0.66 

40 83 12 44 0.15 0. 53 0.68 

so 67 9 39 0.13 0. 58 0. 71 

60 48 5 32 0.11 0.66 0. 77 

70 28 3 26 0.11 0. 93 1. 04 

80 9 2 20 0.19 2.18 2.37 
---~~---~ 



264 

Table 2. Global-sum column rates over various altitude bands, in units 

of 1029 molecules s-l Spring NH, fall SH. 

Prod. 
Alt. 
Band 03 Loss of o

3 Ratio L/P 
·~~~~--~-

2 j [0~ l km ox 
L 

NOx Ox NOx Both 
---~~~-· -~-----~-- ------

L>5-50 140.2 32.4 

40-45 171.2 ~2.4 

35-40 155.4 19.0 

30-35 10Lf. 0 7.2 

25-30 43.4 2.6 

20-25 8.8 0.52 

15-20 0.9 0.04 

15-45 484 72 

duced, and NOx destroys about 57 percent. Between 
25 and 30 km, L (Ox) is six percent of P (03), and 
L (NOx), is 35 percent. Below 25 l<m both the rate of 
photochemical production of ozone and its destruc· 
tion by and NOx become slow. Over the range 15 
to 45 km on the global scale the Ox reactions des· 
troy 15 percent of the photochemically produced 
ozone and NOx reactions destroy 43 percent for the 
fall-spring season. This total percentage of 58 
leaves ample room for major effects by HOx and Clx 
reactions. 

The global role of NOx in destroying ozone be
tween 15 and 45 km is explored as a function of sea
son in Table 3. Ozone destruction by NOx is 43 
cent of P (03) in spring, 50 percent in sununer, 

9.2 0. 23 0.07 0.30 

45.2 0.25 0.26 0.51 

89.2 0.12 0.57 0.69 

57.4 0.07 0.55 0.62 

15. Lf 0.06 0.35 0.41 

1.8 0.06 0.30 0.36 

0.12 0.04 0.13 0.17 

209 0.15 0.43 0.58 

percent in fall, and 43 percent m winter of the 
northen1 hemisphere. Th8 average of these four sea
sons LS 44 p0rcent. The inventory of N0 2 in the 
sunlit half of the glove is about 1. 3 x 1034 mol
ecules, with some appar0nt seasonal chang0s. 

TI1is s ingl8 numb0r for the effect of nitrogen 
oxides on stratospheric ozone should be used with 
great caution. Emphatically, it is not an index 
for the sensitivity of stratospheric ozone to a 
perturbat1on by added NOx· At present model cal
culations predict that an increase of stratospheric 
NOx would decrease ozone in the upper stratosphere, 
would increase ozone in the lower stratosphere, and 
would have only a small eff2ct of uncertain sign 
on the total ozone colu1m. 

Table 3. Comparison of four seasons in terms of global instantaneous 

Season 
NH 

SP 

su 

F 

w 

rates between 15 and 45 km. The total daytime N0
2 

is 

summed over the sunlit hemisphere 

-1 
P(0

3
) s 

(1029) 

484 

449 

480 

527 

Total 
Daytime 

N0
2 

(1032) 

146 

119 

135 

134 

209 

222 

187 

228 

L 
p 

0.43 

0.50 

0.39 

0.43 
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6. THUNDERSTORMS AS POSSIBLE MICROMETEOROLOGICAL 
SINK FOR STRATOSPflERIC WATER 

H. S. Johnston and S. Solomon 

The stratosphere has been observed to have a lmv 
mixing ratio of water.1 ,2 In h1s classic paper, 
Brewer3 explained this phenomenon by a "dynam1c 
process , , • of a circulation in which air enters 
the stratosphere at the equator, where it is dried 
by condensation, travels in the stratosphere to 
temperate m1cl polar regions, and sinks into the 
troposphere." The dryness of the stratosphere was 
interpreted in terms of what has come to be called 
a "cold trap" mechanism. The branch of the 
Hadley cell model of the circulation sup-
plied stratospheric water vapor, and the descending 
branches provided the sink. 

Ellsaesser4 reviewed the 1i terature on the net 
mass flux of air from troposphere to stratosphere 
in the tropical Hadley cell and on the mean 
ical tropopause temperatures. Ile stated that 
appeared to be a discrepancy in the water budget 
with respect to the global circulation model and 
asked, "How does the maintain a mean 
mixing ratio of around 2. 5 ppnun \vhen all air enter
ing the stratosphere passes through a cold 
whose characteristic mixing ratio is not less 

3.4 ppnun [saturation at mean tropical tropopause 
temperature] and \vhen there is presumptive evidence 
for direct strato::;pheric ectwns of additional 
I-I2o via oxjdation, the subtropical tropopause 
gaps, and cumulonimbus of the tropo-
pause?" 

We believe that the that Ellsaesser 
perceived in the general model proposed 
by Brewer may be removed if one examines the phys-
ical processes in the upward branch of 
the Hadley cell. There is a standard, meteorolog
ical, idealized theory that gives a first-order 
approximation to the physical processes that occur 
during cumulonimbus activity.S Although many of 
the of the not realized un~ 
cler conditions, pro-
vides limiting predictions which 
real phenomena can be compared and ified. 
Br i.e fly, a diagram such as the inset m Fig. 1 is 

The observed environmental temperature 
is ind1cated by the line !\BCD. In our ex

ample the temperature profile is that for Panama, 9° 
north, 21, 1963. 

The calculated parcel temperature profile is AECF 
in Fig. 1. The parcel cools less rapidly than the 
environment along AEC, is wanner than the surround
ing air, and being buoyant, rises LrJ:Jward. At the 
neutral point C, the has the same tempera
ature and pressure as the surrounding air; but it 
has upwardly directed kinetic energy, equal to the 
area I. The 1deali.zed overshoots the neutral 
po1nt C and r1ses to a maximum height F, where area 
II area I. After 1t comes to rest at F, the 

spontaneously descends. For this 
numbers 9n the expanded in Fig. 
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Fig. l, (Inset) Pseudo-adiabatic lapse rate and an 
environmental for Panama, 9°N, February 21, 
1963.6 Surface temperature assumed to rise to 304 
K. Absolute T and natural logarithm of 
pressure in (EX1Jcmdcd Portion of 
curve above plotted as absolute and 
al tituclc in k:i.lometers. Numbers saturatwn 
water vapor mixing ratios I vi th respect to icc on the 
environmental and calculated ' theory" pro--
files (parts per rnilhon by (Xl3L 801-7810) 



sent the saturation mixing ratios of water vapor 
(parts per million by mass) 1vith respect to icc on 
both the envuorunental and the parcel profiles. At 
the tropopause the saturation mixing ratio of water 
vapor is 1. 2 ppnun in the parcel but 3. 5 ppnun in the 
environment. At its maximum altitude the parcel 
has a temperature of 170 K and a saturation m:ixing 
ratio of water vapor over ice of 0. 95 ppnun. !low
ever, for actual stonns the process of entrainment 
(mixing of environmental air H.ith the parcel) acts 
to prevent the from reaching the heights 
predicted by theory, and a line intennediatc 
between CF and CS IS more nearly to be expected. 

Intense thunclerstonns that penetrate the strato
sphere are exceedingly more complicated than the 
representation in Fig. l, but the in Fig. 1 
still supply useful nomenclature. temporary 
existence of large parcels of air above ;:md colder 
than the tropopause suggests mechanisms \vhcreby the 
overshooting cumulonimbus clouds could provide a 
cold trap effectively colder than the me;:m tropo
pause. 

t 
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7. DEVELOPilli'i\T OF STABLE ELECTRICAL lVA\TFORM 
SOURCES FOR A MOLECULAR MODULAT ION'l· 

J. Poclolske 

In the course of clevelop1ng a molecular modula
tion spectrometer for studying a number of gas 
phase reactions of the l!Oz radical, the need arose 
for two unusual signal sources. The first was a 
sine wave generator capable of operat:mg a very low 
frequency, 1nth stable mnplitucle and Hell k!1oM1 fro

The second was a closed loop device which 
a roughly s1nusoiclal waveform of varying 

amplitude, derived from the pickup coil of a tuning 
fo11n chopper, into a constant mnplitucle sinusoidal 
waveform w1 th the same frequency and phase as the 
pickup , to drive the chopper. 

Stable, Low-Frequency Sine Wave Generator. A 
circuit was developed for the generation of ·low
frequency (0.002 Hz to 63kHz) sine waves 
stable amplitude and frequency characteristics us 

teclm1ques. 1 The circuit produces a 32 step 
approximation to a sine wave at a frequency l/32ncl 
of the digital time base frequency by nonrccursive 
filtering of wave fonns produced by a twisted 
ring counter. The controlled time base has 
a switch selectable range of 2.048 x 107 
times the base frequency, with half octave resolu
tion. A sw1tch programnable active filter is in
cluded for removing the high order harmonics pro
duced by the generator. 

Stable Si.nusoidal Tuning Fork Dn ver. An elec
tronic circuit was developed which can drive tunmg 
fork choppers, such as the Bulova L40 and LZ series 
units.z The advantages of this circuit over the 
factory supplied SA-type driver arc better dnve 
mnpli tude stability, freedom from drift due to line 
voltage variations, and a cleaner, transient free 
sinusoidal reference signal. Test results indicate 
;:m improvement in long-term stability by as much as 
a factor of four. 

* * ·k 
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RESEARCH PL/'11\JS FOR CALEI\lDAR YEAR 1980 

We are developing new methods, based on lasers, 
for measunng free-radical i.ntcnnediates in photo
chemical reactions. By usc of a diode laser, we 
pl;:m to measure simultaneously the hydroxyl HO and 
perhydroxyl HOO radicals in a molecular modulation 
system. Trace amounts of ozone or hydrogen peroxide 
or both wlll be sinusoidally photolyzed as they are 
carried by a stream of nitrogen through a long-path 
cell. The mnplitudc ::md shift of the monitor-
ing beam of ncar radiation should give spec-
troscopic and kinetic infonnation about HO ;:mel HOO 
in this system. Using a tunable dye laser driven by 
a continuous wave argon-ion laser, we plan to study 
the molecular modulation of the NH2 free radical. We 
are developing the use of an external , such 
as that used for lasers, as a compact, small-volume, 
long-path absorption cell. Our pulsed high-mten-

dye laser will be used to photolyze molecules 
containing chlorine atoms, which will be detected 
by resoncmce fl uorescencc. 

Presumably all elementary reactions that occur 
in the carbon-monoxide-smog process are identified 
and have ki1own rate constants. We have lmdcnvay a 
combined cx:perimental and theoretical study of th1s 

simple smog reaction. The object o [ this 
c;qJeriment is to verify the , or estab-
lish the incompleteness, of theorct.ical models for 
these processes w1cler controlled laboratory condi
ti.ons. 

Modeling studies of photochcnustry in the global 
stratosphere will continue. These studies :1re dif
ferent from the conventional models, 
which arc now in operation in at least ten labora-



tories; our studies take observations of trace spe
Cles in the atmosphere and interpret them; the con
ventional approach sets up a model of chemical re
actions rad1ation, and atmospheric motions and pre
dicts the concentrations of trace species. These 
two approaches are complementary, not compet1t1ve. 
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2. Chemical Physics 

a. Energy Transfer and Structural Studies of Molecules on Surfaces* 

C. B. Harris, Investigator 

Introduction. As in the past, our laboratory 
has been engaged 1l1 developing new methods for in
vestigating energy transfer processes in condensed 
phase on metal surfaces and studying a variety of 
questions associated with the electronic and molec
ular structure of molecules on single crystal metal 
surfaces. Progress in this field has been con tin
gent on the development of new instrumentation. In 
1979, we completed construction of a surface cham
ber designed to probe surface-adsorbate interactions 
using some new laser techniques. In addition, mod
ification of the existing instrumentation used in 
the optical spectroscopy studies has been completed. 
This has resulted in a tenfold increase in the 
signal-to-noise ratio of the data. As a result of 
these two technical developments, normal unenhanced 
Raman scattering of molecules on metal surfaces and 
the optical spectroscopy of chemisorbed species on 
metal surfaces are reported for the first time. We 
have also been developing picosecond nonlinear opti
cal laser techniques for studying energy transfer 
and relaxation in condensed phase and on metal sur
faces. Our first definitive experiments related to 
the question of the structure of liquids on the 
picosecond time scale have been completed and are 
presented. 

1. OPTICAL SPECTROSCOPY OF CHEl'HSORBED MOLECULES 
ON Ni(lll).t 

C. B. Harris, A. R. Gallo, H. J. Robota, and 
P. Jvl. Whitmore 

We have obtained the optical electronic spectrum 
of chemisorbed species on Ni(lll) using a refined 
and optimized scanning ellipsometer. 

As an example, the spectrum of chemisorbed pyra
zine is shmvn in Fig. 1 with the previouslyobtainedl 
spectrum of physisorbed and condensed pyrazine shown 
in . 2 for comparison. The chemisorbed pyrazine 
spectnun is characterized by a strong absorption 
near 2600 A and a less intense, broad feature near 
3100 A. Nonquantitative preliminary thennal desorp
tion spectra indicate molecular pyrazine as the ad
sorbed species. This agrees with similar behavior 
for benzene on Ni(lll).2 Finally, the relationships 
between phase, physisorbed, and chemisorbed spec-
tra us to identify the adsorbed species as an 

*This work was supported by the Division of Chenncal 
Sciences, Office of Basic Energy Sciences, U. S. 
Department of Energy. 
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Fig. 1. The analyzed 30 K spectrum of chemisorbed 
pyrazine on Ni(lll) deposited at room temperature, 
obtained rotating ell 

3896) 

undissociated molecular pyJ-azine entity. We assign 
the 2600A absorption as a mr* type cmd the 3100 )\. 
absorption as a lmr* type transition. 

This spectral assignment leads inm1ediately to two 
further implications regarding the nature of the 
pyrazine-Ni (111) bond. From a comparison of the 
transition energies in the gas phase, the inter
action with the surface apparently produces a uni
form shift in adsorbate state energies. This al
lows the molecule to remain intact and behave as a 
separate species at the surface. Also, the blue 
shift of the lnn* transition and the lack of vibron
ic structure suggests the bonding of the pyrazine 
through the nitrogen lone electrons. The pos·· 
sibility of further bonding through the aromatic n 
ring electrons, as in benzene at higher 
remains an open one. 

In summary, the utilization of optical techniques 
for studying chemisorbed molecules has been demon
strated in which the spectra obtained reveal fea
tures of the chemisorption bond not easily obtained 
with other techniques. The techniques should be 
generally applicable to a variety ·of problems in 
many systems. 
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Fig. 2. The spectrum of condensed, annealed pyra
zine on Ni(lll) at 10 K revealing vibronic struc-
ture in the lnn* transition. (XBL 786-5178) 
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2. Rf'll\{L\N SPECTROSCOPY OF MOLECULES ADSORBED ON 
Ni(lll) fu\TI Ag(l11). 

C. B. Harris and A. Campion 

have been clesig11ecl to increase 
of Raman spectroscopy to the point 

whore it may be used to obtain vibrational spectra 
of adsorbed species at submonolayer coverage. The 
first program is directed towards the elucidation 
of the mochm1ism of the surface-enhanced Raman 
effect,l Hhich has been reported for electrode sur
faces, primarily si.l ver. We find, for a number of 
molecules physisorbed on (111) and 1\g(llO) sur-
faces , enhancement of the 
cross directly upon the 
\'a] id 1 .. ·hich have been ild-
vancecl and indicate that the 
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nature of the plasmon wavevector in the Ag surfilce 
are important for enhanced scattering. 

The second approach uses an optical multichannel 
analyzer to improve efficiency. The parallel nature 
of this detector results in an efficiency improve
ment of up to 103, over conventional photon counting, 
making it possible to obtain spectra even in the ab
sence of enhancement. 

Figure 1 shows the Raman spectrun of nitrobenzene 
physisorbed on Ni (111). All bands in the lower spec
tr~n correspond closely to literature values for 
the pure liquid, with some deviations in intensity 
ratios that may be ascribed to new selection rules 
imposed by the boundary conditions on the electro
magnetic fields at the surface. All features of 
the lower spectrum are preserved in the upper spec
trum of a much thinner layer, one that is only a 
fe1v monolayers thick. By improving the optical 
configuration used in these experiments, and using 
a second generation optical multichannel analyzer, 
cletectivities into the submonolayer regime should 
be possible. 

* * * 

1. R. P. Van Duyne in Chemical and Biochemical 
Applications of Lasers, Academic Press, New York, 
p. 101 (1979). 
2. F. W. King, R. P. VanDuyne, cmcl G. C. Schatz, 
J. Chem. Phys. 69, 4472 (1979). 
3. S. Effrima and H. Metiu, J. Chem. Phys. 2Q, 
1602 (1979). 

NITROBENZENE ON NICKEL (Ill) 

20 A Loyer 

1. Raman spectra of nitrobenzene physisorbed 
on (111). Lower spectrum is for a layer esti
mated to

1 
be ~ 200 A thick. Spectral resolution is 

~ 10 em- . Upper spectrum is for a 20 A layer 
(estimated from an i\ uger electron spectrum). The 
high backgrmmd intensity arises from the detector. 

(XBL 7910-7273) 



3. THE DYNAMICS OF ENERGY TAAI'JSFER FROM PHOTO
EXCITED MOLECULES TO METAL SLiRFACESt 

C. B. Harris, A. Campion, and A. R. Gallo 

A new technique has been developed for investi
gating the mechEmism of nonradiative electronic 
energy transfer from excited molecules to metal sur
faces at very short ( < SO A) distances. A monolayer 
of luminescent molecules is deposited on top of a 
thin layer of argon which has been condensed onto a 
metal surface at lOK, under ultrahigh vacuum. The 
thickness of each layer is controlled during deposi
tion by monitoring the film growth with an ellip
someter. The distance dependence of the energy 
transfer rate is then obtained by measuring the hun
inescence intensity, or lifetime as a function of the 
thickness of the argon spacer layer. This short 
distance regime has been inaccessible until now. 
Previous studies have employed the Langmuir-Blodgett 
method, in which monomolecular layers of a 
acid are used to separate the dye molecule from the 
surface.l The shortest separettion achieved by this 
method was approximately SO A. 

figure 1 shows the distance dependence of the 
relative phosphorescence quantun yield for the sys
tem pyrazine-argon-nickel. Classical image dipole 
theoryl predicts an inverse cubic dependence of the 
energy transfer rate upon distance to the surface. 
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This scune distance dependence is also obtained by 
invoking a Forster clipole-dipole mechanism. The 
data obtained in this experiment are relatively 
consistent with the cubic dependence shmm although 
some deviation is to be noted. 

This method applicable to 
the study of occurring 
near surfaces the mul-
tipolar nature of the electronic , which 
may be obtained by more careful measurements of the 
distance dependence. In acldi tion this method um 
be used to elucidate the role of surface plas
mons,2 which act as energy acceptors, by obtaining 
the frequency dependence of the transfer rate. 

* * * 
-!-Brief version of LBL-10134; submitted to 
Phys. Re1·. Lett. 

l. R. R. Chance, A. Prock, and R. Silbey, Adv. Chem. 
Phys. XAITII, (1978). 
2. R. R. Chance, A. Prock, and R. Silbey, J. Chem. 
Phys. 62, 2245 (1975). 

4 . LOW LEVEL LI GHf SIGNAL A VER!l,G ING US lNG AN 
OPTICAl lv!ULTIC!l!\1\INEL ANALYZER (OMA) I 

C. B. Harris and J. L. Chao 

The use of an optical multichannel analyzer (OMi\2) 
operating system for the data collection and signal 
processing of extremely low level light signals has 
been developed. A progranunable optical multichaimel 
analyzer has been em~loyed to signal average high 
resolution (0. OS on- /channel) emission spectra from 
sources having as few as 1. 2 photon/sec. /channel. 
By developing extended delay target integration 
capabilities, we have been able to achieve photo
electron statistics comparable to single channel 
photon counting schemes.L 

The SIT (silicon intensified target) detector 
consists of a 500 x 500 of silicon diodes. 
Photoelectrons are fanned allowed to integrate 
on the target in order to the counting sta-
tistics in each discrete channel. Furthermore, cool
ing of a detector to -sooc by using a liquid cooler 
refrigeration unit greatly reduces the dark current 
associated with the thennal population around the 
Si band gap. lt was found that signal-to-noise can 
be improved by more than 10:1 by proper detector 
cooling. 

Figure 1 shows a spectnnn collected using extended 
delay techniques with target integration of six min
utes. The first plot shows the signal collected 
with the concomittant clark current while the second 
shows the spectrun after background subtraction.2 
One should note in this particular spectnun that the 
dark current/background level is approximately four 

Fig. l. phosphorescence intensity as a 
function distance to the (111) surface of a 
nickel single crystal. The theoretical cl3 depen
dence is shm,'ll for (XBL 7910-7272) 
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Fig. 1. Spectrum collected using extended delay 
target integration teclmiques. The first plot shows 
the emission before background subtraction and the 
second plot shows the signal only after digital 
background subtraction. (XBL 7911-14523) 

times that of the signal peak. Furthennore, the 
detected photoelectron flLL'C is 43 counts/sec-chcumel! 
We have been able to integrate light on the silicon 
target for periods as high as three hours where the 
flux was below 0. 3 counts/sec and still achieve S/N 
ratios greater than 10:1. 

The use of an optical multichmmel for 
low level light imaging can often mean the differ
ence between success and failure in mcmy signal
limited applications. The development of the pro
granunable detector optimization techniques will be 
useful for a mrrnber of UV /Vis experiments. In par
ticular, we have observed Raman scattering from 
organic molecules physi-and chemisorbed to metal 
surfaces using the instnunentation. Raman spectro
scopy using an optical multichannel analyzer should 
allow one to study interactions in such systems at 
sub-monolayer coverages when integration techniques 
are developed. 

* * * 

-!-Brief version of LBL-10135; submitted to Rev. Sci. 
Instrum. 

l. J. L. Weber cu1d P. W. Roehrenbeck, Optical 
Spectroscopy, March 1979. 
2. Backgrow1d subtration is performed by first 
scmming the detector with no light signal and 
storing it in computer memory. Light is then al
lowed to collect on the target and the spectrum is 
then extracted by digitally subtraction out the 
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background counts. This serves to eliminate any DC 
offset associated with A/D conversion as well as to 
subtract out any other sources of non-photon gener
ated cow1ts such as the dark current. 

5. Il\TVESTIGATIONS OF LIQUID STRUCTURE BY PICOSECOND 
Li\SER SPECTROSCOPY-I-f 

C. 13. l!arris, I-I. Alnveter, and S. ~!. George 

U ' ' l b } ' 12 h sing picoseconc pro e tee uuques, ' we ave 
determined the dephasing times of the CII3 
stretching vibration in various liquids. Because 
the homogeneous linewiclth is proportional to the 
inverse of the clephasing time, we have been able to 
determine the amount of inhomogeneous broadening in 
liquid linewidths by comparing isotropic spontaneous 
Raman linewidths to our experimentally determmed 
linewidths. We have found that almost all 
CI-!3 stretching vibrations linewidths are inhomoge
neously broadened and have been able to correlate 
the amount of Inhomogeneous broadening with specific 
characteristics of the liquids. 

The results of our study are compiled in Table 1. 
The dephasing times are remarkably similar, with 
the exception of dimethylsulfoxide and acetonitrile. 
Dimethylsulfoxide has the shortest dephasing time 
and the largest viscosity, which suggests that the 
collision frequency may be playing a role in de
phasing since the collision frequency is propor
tional to the viscosity.3 

When the inhomogeneous broadening magnitude is 
compared to various liquid physical characteristics, 
such as the dielectric, thennodynamic, and ultra
sonic parameters, very little correlation is appar-
ent. An interesting connection, shmvn in 1, 
is observed between the amount of inhomogeneous 
broadening and the excess volune fraction in the 
liquid. This suggests that inhomogeneous broadening 
arises not just because of structural 
but by distributi.ons of free space in liquids 
tend to maximize the number of interactions of mol
ecules with other molecules and/or free space. 

Since our results show that almost all symnetric 
CH3 stretching vibrational linewidths are inhomoge·· 
neously broadened, our results seriously jeopardize 
spontaneous Eaman l:i.newidth investigations wh.ich 
asswne that vibrational linewidths are homogeneous. 
Recent pressure, temperature and dilution studies 
on synunetric CH3 stretching vibrational li.newidths 
in liquids may just be monitoring the inhomogeneous 
rather that the homogeneous linewiclth 1 s functional 
dependence of pressure, temperature and dilution.4 6 
Our results illustrate the picosecond time domain 
techniques 1 importance in homogeneous liq-
uid vibrational linewidths. 

We have begun to mtderstand how liquid structure 
affects inhomogeneous broadening. We have prelim-

evidence that suggests how liquid dynmnics 
affect homogeneous broadening. By studying more 
molecules and specific molecules under varying con
ditions, one can elucidate how liquid dynamics ;mel 
liquid structure act to determine homogeneous and 
inhomogeneous broadening in liquid vibrational line
widths. 
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Table 1. Comparison of data with liquid parameters. 

Nonnalizcd ;~Il BP 
Excess 

-1 Spontaneous T
2 

(psec) Homogeneous Broadening 
-3 -r ) )'vl\Y o. Volume(%) 

il!olecule w(cm ) /'lw(cm-1) l'lw(cm-1) ( cm-1) 0 ('\ ) class Fraction 
-~----- ~~-- ---~- -~--~~-~~ --~ ---

Methanol 2836 18. 75 2.4 4.4 3.26 3.28 24.97 1. 96 2.29 18.2 

Ethanol 2929 18.0 2.5 4.6 2. 91 5.12 26.36 L. 70 2. 09 12.4 

Acetone 2925 16.5 3.0 3.4 3.85 6.41 21.11 0.97 4.10 16.2 

CII:'iCCl 3 
294] 4.5 2.6 4.2 0.07 10.35 22.1 0.50 28.53 5. 7 

DMSO 2915 11.8 1.5 7.6 0.55 7.97 22.32 2.41 2.60 0.6 

2945 6.6 5.4 2.0 2.30 4.39 20.16 l. 99 12.49 8. 7 

Pentane 2885 ""20 2. 3.9 4.10 10.02 19.93 0.50 7.14 18.5 

--~---------~-

u = polarizabili ty. 
;.'\IIV /T = Trouton' s ratio. 
Bl'/1\fl\' = boiling point divided by molecular weight. 
u exp/u class = an ultrasonic ratio used to classify llquids. 
Excess volume = V liquid - V sollcl/V liquid x 100, 1vhere V is molar volume. 
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Fig. 1. Plot of inhomogeneous broadening (normalized 
by eli vi ding by the homogeneous linewiclth) versus the 
excess volume fraction in the liquid. 

(XBL 7911-14545) 
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6. A CRITICAL TEST OF VIBR!'\TIONAL DEPil!\SING 
TllEORIES IN LIQUIDS USING SELECTIVI' COHERI'NT PICO
SECOND STOKES SCATTERING 1· .Jc 

C. B. Harris, H. :md S. [.1, 

The highly selective collinear stokes probing 
teclmiquel has been used to detect the homogeneous 
contnbution to :inhomogeneously broadened vibrational 
transit1ons in Our have been 
focussed on the clephasing of the symnetric CH3-
stretching mode of a series o[ simple org<mic sol
vents. The isotope effect on the vibrational de

time in methanol ;mel acetone has been stucl·-
1 shows time-

curves on a picosecond time scale 
for acetone and acetone . The ratio of 
the measured dephasing times, T1tr~, is given by 
approximately 1 which Lmpl:ics that there is no 
change in the ional time upon iso-
topic substitution. 

Nt.Tinerous theoretical models on the problem of 
pure vibrational clephasing in liquids and solids 
have been proposed. The major approaches, 2 
yielding expressions for the vibrational 
clephasii_lg time, arc based on energy mech-
anisms, 5 hydrodynamic theories, 4 binary collis~on 
theories 5 :mel molecular dynamics simulations. The 
study the isotope effect on the vibrational de-
phasing time a critical test on the fre-
quency and mass dependence of theoretically 
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Fig. l. Coherent Stokes signal as a ftmction of 
delay time tD for protonated acetone (h6-acctone) 
and clcuterated acetone (cl6-acctone). (XBL 7911-14546) 

predicted clephasing times. Table 1 gives the exper
imental results together with the results from the 
binary collision theory. We come to the conclusion 
that neither the binary collision model nor the 
hydrodynamic theory correctly account for the iso
tope effect on the vibrational dephasing of the 
CH- stretch in metha11ol and acetone. 

We note that, in general, vibrational transitions 
in liquids are inhomogeneously broadened, therefore, 
highly selective time-resolved probing experiments 
on either isotopically substituted molecules or 
experiments as a function of hydrodynamic param
eters provide the only means to elucidate the ori
gin of vibrational dephasing in liquids and the 
relation to molecular structure and dynamics. 

27 3 

* ·k * 
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7. A CRITICAL TEST OF VIBRATIONAL DEPt-lASING 
THEORIES IN SOLIDS USING SPONTANEOUS RAl\li'u\l SCAT
TERING IN J\i\l ISOTOPIC MIXED CRYSTAL tt 

C. B. Harris, P. A. Cornelius, and S. Marks 

By means of temperature dependent spontaneous 
Raman scattering and ~ theory based on intennolec
ular energy exchange,~ we have analyzed the C-D 
stretches in d14-durene in various stages of iso
topic dilution. Results of an exchange analysis 
yield parameters such as what low frequency mode is 
coupled to a particular stretch, that low mode's 
resident lifetime, T, and the anharmonic coupling 
bet1veen the low and high modes. In addition, the 
Fourier transform infrared spectroscopy has con
finned the presence of combination bands in accord
ance "'i th the predict.ion of exchange theory. 

The effect of energy exchange on the Raman spec
trum in pure systems is shown in Fig. l. In both 
isotopes of durene, various stretches are coupled 
to the methyl rocking modes- -a motion which is ex
pected to be anhannonically coupled to stretches by 
steric considerations. The fact that there appears 
to be two different methyl motions for a given mol
ecule is borne out by the low-temperature (~ lZK) 

Table 1. Experimental and theoretical results of the isotope effect on the vibrational dephasing 
of the symmetric CI-13-stretching mode in methanol and acetone: vibrational frequency\!, 
eBJerim~ntal dephasirlf time Tz, inhomogeneous linewidth L\ninho, homogeneous linewidth 
L\')bom [L\vhom = (nCfz) ] , hydrodynanuc colllswn t1me 1c, and theoretLcal dephasmg tlme, 
lBC-lz, as predicted by the isolated binary collision theory. 

V[cm-
1

] 
~ -l "" -1 

iBC-T 
2 

[ps] Exptl. T
2 

[ps] Avinhom (em ] ~"hom [em I T 
c 

Methanol 2836 3. 2 18.8 3. 3 0.37 0.55 

d
4
-Hethanol 20 74 3. 0 3.5 0. 41 1.39 

Acetone 2925 3. 0 16.5 3.5 0.99 2.31 

c1
6 

-Acetone 2108 3. 3 3. 2 1.09 5.62 



RAMAN ACTIVE IN<-PLANE METHYL. ROCKING MODES 

IN DURENE 

Symmetry Big Symmetry 

Methyl Roell OS Observed Dephasing Channe i 

PEAK f"< 
"-l <-c 

{ 2970<3 265±6 0<19 
Pure h

14 
~durene 

302T5 263± 19 0<36 Big 

2035<4 252± 10 0<66 Btg 

Pure d
14 

<·durene 2191 <I 240±20 0<30 

2225<9 240:!: 15 0<36 Ag 

1. The methyl rocking motion in both folllls of 
durene i.s the most conunon mode observed coupling to 
a C-Il or C-D stretch. Note that there appear to 
be two d:ifferc:mt modes with two different lifetimes
a result substantiated by the low 
trum. 

Raman spectrum in which a second (B1 mode) is 
seen. The beh;wior of the ani:lgposition 
for these 1 ow modes as a function of tem-
perature and concentration as well as the concentra
tion dependent resident lifetime, T, led to the con-
clusion that the low frequency vibrational mode 
has tonic while Blg is 
localized. 

2 illustrates the effect of 
tion on the energy relaxati.on time, T, 

frequenc1 mode (B1a methyl rock) 
2035 em- stretch. 0 Based on the 
the intercept \ve concl.ude that the mode 

clilu-

into the lattice in L. 42 psec and the resonant 
energy transfer time is 1.18 psec/mole fraction. 
This :is dynami.cal information about vtbratlOnal 
energy relaxation that is difficult to obta1n by 
any other means. 

The of intermolecular energy ex-
change very valuable as a probe of v:ibra-
tions in Information on such as 
coherence in certain low 
as resonant energy transfer 
into lattice moclcs has been obtained. This approach 
can be extended to the liquid phase where the re· 
sul ts can be used to eli. fferent:i.ate between vari.ous 
theories for Equid structure. 

·t·Brief version of LBL ·10181; subm.i. ttecl to J. Chem. 
fPhys. 

supported by Nat_i.onal Science Foundation. 
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DEPENDENCE OF INVERSE EXCHANGE TIME ON CONCENTRATIO~I 

(2035 cm·l C.·D STRETCH d14 ·DURENEI 

5 
Mole Fraction d! 4 -- durene 

This shows the dependence of the resi.clent 
for the 2035 cm-1 C-D stretch in d14-clurene 

chlution with h 14-clurc•ne. TJ:e zero concen":ra .. 
the rate oJ: tr~msfer at chat 
(or other modes); the slope 

resonant energy transfer rate. 
(XBL 794 6106) 

1. C. B. Harris, R. ill. Shelby, and P. A. Cornelius, 
Phys. Rev. Lett. 38, 1977; C. B. llarr.is, R. M. 
Shelby and P. A. COmelius, Chem. Phys. Lett. ~';', 8 
1978. 

8. FREQUENCY ~liXING TIIROUCII SELf-PHi\SE mDULi\TION 
IN PICOSECOND PULSESI"f 

C. B. Harris and P. A. Ccmeli.us 

The theory of modulation! has been 
used to calculate the spectrum of a pulse traversing 
a nonlinear medium which has at two or more 
well- separated theory which 
based on transient stimulated Raman 
diets the appearance of new components in the 
trum of the phase·moclulatecl pulse, spaced by the 
frequency between a . of components of the 
pulse (see la). In the srmplest case, m 
the contains two components at lJJ and l<l2 

(w 2 > w1) the pul sc contains ct<klitional fre · 
quencies at uz + ·· cJ;) , l·J:"? + 2 ) , <-u!l) , 

- 2 (wz ·lc] etc. The. number . , these 
vary lVLth :mput puJ sc snape and :in· 

tensity. 

The effect was observed in 
the transient stimulated Raman spect nun of methanol, 
\vhich :is knO\m to exhi_bit two peaks corresponding to 
the sy1mnetric and asy1nmetr LC C II modes. 
At 10\v pump pulse intenstty, only these two peaks 
were observed. By changing the energy a.ncl 
focus, satellite could be made to appear, as 

by the (soc L). Some spectra 
were also obtained which the semi 
frequency spacing charactcrLsbc of phase modulation 
of the pulse envelope, which is also expl mnecl by 
the calcuLations (sec Fig. 2). 
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Fig. l. Examples of calculated self-phase modulated 
spectra. The smaller peaks in (a) result from fre
quency factors appearing in the nonlinear refractive 
index. Spectnnn (b), at h1gher intensity, shows the 
effect of envelope modulation. (XBL 7911-14548) 

The calculations have shown that the production 
of satellite as in Fig. 1 occurs at lower light 
mtensities the envelope modulation as in Fig. 
2. For this reason, self-phase modulation becomes 
an important factor in lmderstanding stimulated Raman 
spectra of molecules in which more than one mode has 
trcmsient In addition, the phase-modulated 
spectra in such systems may yield into those 
dynamical processes !mown to be 
dependent nonlinear optical 

* * * 
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Fig. 2. Observed spectra in methanol. The arrows 
indicate the unmodulated peak position in each case. 
These can be compared to calculated spectra in Fig. 
l. (XBL 7911-14547) 
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HESEARCII PLAJ'\)S FOR CALENDAR YEAR 1980 

Since of the preliminary e.Acperiments design-
ed to test feasibility of several new spectro-
scopic methods for studying surfaces have been com
pleted and have been shown to be successful, the 
nature of our research has changed in the past year. 
Given the fundamental nature of the problems, the 
following plans should be read with long range views 
in mind. 

Since we have demonstrated that the spectra of 
both physi-and chemisorbed molecules can be obtained 
routinely on metal surfaces, a major effort will now 
be mounted to u..r1dcrstand the nature of the chemi-
sorbed state and its relationship to spectra 
from a fundamental point of view. The study of 
series of molecules on simple single crystal sur
faces, step surfaces and alloy surfaces will be be
gun to ascertain the nature of the chemisorbed state 
as detennined from the optical trcmsitions, the 
adsorbate-adsorbate transition and/or the adsorbate
metal charge transfer spectra. In addition, given 
the results reported this year on laser Raman scat
tering, a systematic study will now be begun to in
vestigate Raman scattering on single crystal metal 
surfaces. The of the enhanced Raman scatter-
ing effect will be continued on single crystal (lll) 
and (llO) silver surfaces in order to detennine the 
importance surface plasma states, plasma locallzat.ion 
and surface dielectric properties have in the mech
anism for enhancement. Finally, a new series of 
e.Acperiments will be designed to study the nature of 
energy transfer processes from adsorbed molecules to 
metal surfaces at the one monolayer level. These 
will be designed to ascertain whether or not photo
catalysis can compete lvith energy relaxation pro
cesses and metal surfaces. 

1979 PUBLICATIONS J\J'ffi REPORTS 
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1. i\i\Ji\LYTIC!\L POTENTii\L FUNCTIONS mR IVEI\KLY
BOUNll mucuu~s I 

J. H. Coble and J. S. 1Vi.rm 

Our program on the inversion of spectroscopic 
data to accurate analytical potential functions for 
weakly-bound diatomic molecu1esl·3 has progressed 
to the point 1vhcre 1ve ce~n no,,· compare classes of 
wee~kJy .. bouncl molecules and make quantitative state· 
ments about the differences in the detailed shape 
of the potentia 1 function and the ori of the 
binding forces ive in these The 
general potenti function 1ve employ is that sug-
gested by 'lhakkar: 

where .\ = 1 - (Re/R)P, This function contains a 
distance parameter, l(e, an energy scaled parameter, 
e0 , correction terms, en, and an expansion exponent, 
p. The parameter p rnay be chosen ho11•ever one 
wishes, but the choiL~e 

has the effect of making relating equi l i. ·· 
brium spectroscopic to all parameters of 
the potential fLmct ion in an unambiguous 1vay. 

We have applied this function to a number of 
weakly .. bowlCl chatomics in both their ground and 
certain excited states, and have found it capable 
of exceptionally good in terms of giving 
correctly spaced vibrational and accurate 
dissociation In the case of Nai\r, this 
inversion method 1vas used to confirm an wKertain 
spect assignment. Th i.s ass i.gnment 1vould 
not have been possible 1vithout the abi. to pre 
diet cli.ssociation accurately. 

This function 1s not only capable of 
representing the hound states of the molecule, hut 
also the unbound eli fferential cross-
section. For , II'C have found a potential func
tion based on spectroscopic constants of the hound 
levels 1vh ich reproduces the c1 i ffcrcntia l cross
section 11ith essentially the same accuracy as the 
more md<ll'arcl pitXc\\' isc ic functions of Lee 
and co-~Yorkers. The function also quite 
accurate second vi rial coefficients r i\r gas. 

Perhaps the greatest advantage of this functional 
form is the opportuni it offers to correlate and 
compare the potentials of many ,,·eakly-
botmd molecules in a uniform way. Of particular 
interest in this regard is the observation that the 

~-------------- -~-~--
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function, through the parameter p, can give a 
direct measure of the importance of long range 
(electrostatic, induction, and dispersion) forces 
at the equilibriwn internuclear on. An-
other telling measure of differences among \veakly
bouncl molecules is the reduced force constant (the 
reduced curvature) of the 1veak bond. ·n1is quanti. ty, 
denoted K, is defined by 

K 
I) 2 V'" 'e 

and is wmsually large for 1veakly·bow1el molecules. 
For ordinary chemically- boLuKl d iatomics, K lies in 
the range 4-24, \vhile ~Vealdy-bound molecules exhib
it K values significantly greater than 20. 

Table l swnmarizes certain of these correlations. 
Note how weakly·bow1cl molecules fall into periodic 
families, 1vi th only a few notable exceptions. The 
small p values for ~Ig2 and Caz indicate the impor
tance of excited state mixing in other~Vise weakly
bound ground states. 'l11e anomalous shape of the 
XeF potential Hell is evident from the high curva
ture of this when compared to other rare 
gas halides. 

Table 1. Thakkar p values and reduced 
curvatures for several cliatomi.cs 
(ground states). 

p 

5.73 

3.58 

3.54 

ArF 

KrF 

XeF 6.51 

:SeAr+ 3.16 

BeKr+ 

i~aAr 4.31 

K 

81 

82 

78 

35.2 

37 

37 

37 

112 

27.5 

29.1 

51.4 
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2. E0IPIRICAL llll:,Cl110DS OF ESTI01i\TINC DL\TO~!IC BIND-
INC ENERCIEs·i· 

L. BrC\ver and J. S. 1Vinn 

TI1c dissociation energy of a diatomic molecule 
is at once among the most important constants to 
know and among the most difficult to measure. Two 
approaches toward the estimation of dissociation 
energies have been devised which may be of value 
not only in providing the energies, but also in 

the origins of the binding. 

Spectroscopic data can, in principle, an 
exact measure of the dissociation energy. Bu-c 
limi ted s pcctroscopic data (which is the usual 

cmmot be treated 1vi thout further assumptions 
about the potent i.al energy function. 1' 2 If one 
assumes a 1vlorse function, then the usual expression 
for the dissociation is in tcnns of the har-
monic force constant anharmonic correction: 

D 
e 

2 / 4uJ x • e e 
( 1) 

This is not the only expression for the Morse dis
sociation energy h'hich one can write. We have 
found a previously unknO\m expression which uses 
the vibrational-rotation constant a8 , instead of 
the constant. TI1is new expression is 

These expressions arc most readily applied to 
strongly bound diatomics, but they are not very 
accurate, nor do they necessarily give the same 
values, as is demonstrated in Table 1. 

For wcakly-bowKl molecules, we found the 
e)-1Jrcssion 

9B 2 
e 

( 2) 

where n is the integral power of If 1 which leads m1 
eAvansion of the long-range portion of the poten
tial. "D1is express ion is based on a simple Lennard-
Janes (2n,n) fw1ction, for which the dis-
sociation energy is simply given by 9B0 3ja8 2. TI1e 
factor n2j(n+l)2 is a semi-empirical correction 
factor. 

lvhen spectroscopic data arc lacking, one can 
turn to empirical correlations based on the idea 
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Table l. Dissociation energies by r-lorsc 

co 
N2 

NO 
Oz 

HF 
ECl 
HBr 
HI 
OH 
CH 

Fz 
Cb 
Brz 
12 

Hz 
Na 2 

He2 + 

NaAr 

potential relationships and compared to 
experimental values. The energies arc Ln 
cVunits. 

10.982 10.387 ll. 226 
12.037 11.793 9.905 

7. 96 9 7. 754 6.614 
6.460 5.8'74 5. 213 

5.906 4.983 6.123 
5. 24 9 4.681 4.618 
4.810 4. 3 2t.J. 3.921 
4.168 3.834 3.196 
5. 101 4.477 4.621 
4.020 3.563 3.640 

2.317 2.172 L 658 
3.630 3.578 2.514 
3.044 3.146 L 991 
2. 3 2 2 2.518 L 555 

4.948 3.822 4.747 
1. 081 1. 309 0.730 

2.533 2. s l7 2.469 

4.82x10- 3 4.86xlo-3 5.14xlo· 3 

~~~~~-~~~~ 

that binding energies are the result of 
electron promotion energies and valence binding 
from excited states. In this 1vay, we have esti-
mated the dissociation of all the homo-
nuclear diatomics in the table. 3 

* * .;., 
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3. DYNAMICS OF CIIE1vliL1JliUNESCl;NT CIJ[01I- ION IZJ\TlON-1' 

D. C. Hartman 'f and J. S. Winn 

Chemi-ionization, whereby two neutral species 
react to produce either an ion pair or a pos1t1ve 
ion-electron pair, is a well knO\m process in dis
charge and combustion phenomena. The clynanrics of 

Penning ancl associative ionization phe
nomena have been studied by molecular beams methods. 
Both the angular cListributions of ionic products 
and the Penning electron energy spectrum have been 
measured. In these expcrimcnts,l,Z chemilumines
cence detection has been applied to the Ar* + Ca 
chcmi-ionization reactions to study for the first 
time the branching of chcmi-ionization processes 
among several states as well as the internal energy 
content of a nascent associative ionization product. 
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Plotter 

OPTICAL DETECTION SYSTEM 

Fig. 1. Chemihuninescence flowing afterglow apparatus. (XBL 792-8369) 

The flowing afterglow chemiluminescence reactor 
used in these is shown in Fig. l. 
Metastable Ar is produced by a D.C. hollow cathode 
discharge in a l Torr flow of purified Ar. Ca 
metal is vaporized in the oven, entrained in a sec
ond Ar flow, and reacted with ltr*. TI1e resultant 
flame is analyzed by a high resolution 1.5 m mono
chrometer equipped with a photomultiplier detector. 
Photon signals are cow1ted and averaged by a micro
computer interface, which also controls the mono
chrometer scan. 

l\letastable Ar;' (3Po z) has sufficient energy to 
Ca to the ion states Zs, 2D3/2, ZJJsjz, 2pl/2> 

In addition to atomic Penning ioniza
excited states one may also observe 

associative ionization, CaAr* in a variety 
of excited In the spectral region to the 
red of the resonance doublets, we observed 
the band system shown in . 2. This band system 
extends to the reel beyond region shown in Fig. 
2, but only as an Lmstructurecl, oscillatory contin
uum. \Ve attribute this spectrum to the CaAr* A2rr 
_, x2>=+ molecular transition. 

Our kinetic analysis of the atomic Pe1ming ioni
zation rate constants for production of the 
2Pl/2, 3/2 fine structure states showed that produc
tion of the 3/2 component was favored by a factor 
of five. 'l11is is i_n excess of the stat is ti_cal 
aJJJOW1t, m1cl our analysis of the spectnm1 in Fig. 2 
was based on an assumption that only the /\2113/2 
state contributed significm1tly to the molecular 
emission. 
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Fig. 2. CaAr+ emission spectrum produced by 
excitive associative ionization. (XBL 7910-12400) 



These spectra \1'ere inverted us 
model potential 

V (R) = i\exll (- BR) -

the (Exp-Z4) 

which 11'e had founcl3 to an excellent 
tat ion of the analogous molecular states BeAr+. 
The inversion method us eel potent tals of this folln 
for both the A and X states, Z = 1 in the 
X state and Z = 2 in the A state, and varying the 
remaining parameters w1til a synthetic spectrwn 
could be generated 11'hich good agreement with 
the observed spectrum. \vas also necessary, of 
course, to assume the initial vibrational level 
distr.tbution in the A2n state and to vary this dis
tribution to achteve agreement. 

Table l. Spectroscopic constants for CaAr +. 
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The results of this inversion are as spec-
tral constants for the A and X pot in Table 
1 and as a cliagramnatic graph of the potentials ; n 

. 3. Note in Fig. 3 that the J\ state is pro
duced 1vith considerable vibrational excitation 
localized arotmd only a few (three or so) vibra
tional levels. In many respects, the dynamical 
processes leadtng to these molecular cxc i tations 
arc very similar to those in excimer systems such 
as the rare gas-halide lasers. 

* -~ * 
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4. tv!EC!-LL\J~ISM OF ~!ETAL CARBONYL DISSOCIATION BY 
tv!ETASTABLE RARE GASES-~ 

D. C. Hartman, t W. E. Hollingsworth, and 
J. S. Winn 

The bimolecular electronic energy transfer reac
tion between a rare gas metastable and a monomctal 
carbonyl leads to complete metal-ligand dissociation 
and electTonic excitation of the mc;tal atom. The 
discovcryl-3 of this unusual mode; of a metastable 
atom quenching pathway has been investigated in 
detail, and the several w1ique features it involves 
have been explained by a restricted statistical 
model, to be described below. 

Chc;miltuninescence spectra of flowing afterglow 
flames of He'~, Ne* and J\r* with Fe (CO) 5 and Ni (CO) 5 
were recorded with our flowing afterglow optical 
spectrometer. Over the 200(]-4000 A region, only Fe 
or Ni atomic emission was observed in each case. 
111e observed emission rates were converted to Tates 
of fmmation of each excited state using the rela
tionships 

Rate of fonnation 

=rate of depletion IT I(LA ./A£) 
j UJ U 

where I is the observed intensity (counts per sec
ond) and A is the Einstein coefficient for spon
taneous emission. The effects of collisional 
relaxation Here assumed to be negligible in compari
son to radiative relaxation. Subsequent analysis 
showed collisional intramultiplet relaxation in the 

lived Fe and Ni states of highest spin to be 
obseTvable at the ca. l Torr pressure of these 
experiments. 

A statistical model was used to predict these 
relative rates of fonnation. The model has the 
following conceptual steps: 

(1) a certain (::nown) ammmt of energy is used 
to break all metal-ligand bonds, 



(2) a second amount of energy is used to pro 
vide electronic excitation of the metal 
atom, and 

(3) the remainder of the energy is statisti
cally partitioned among selected degrees 
of freedom of the exci t ilig-llgancls. 

The rate of formation of each excited metal state 
is than taken to be proportional to the density of 
states of products computed from semiclassical par
tition functions according to the assumptions in 
step (3) above. 

In Fig. 1, the data and the theoretical results 
for two different assumptions in step (3) are shmm. 
These data are for the Ar* and Ni(C0) 4 reaction. 
The solid circles are the long-lived quintet states, 
identified by the J quantum number of the term sym
bol for each state. The effect of intramultiplet 
collisional relaxation is evident in several of 
these states. The dashed line is the prediction of 
a full statistical model in which the CO products 
are allowed to vibrate and to rotate and translate 
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Fig. 1. Relative rates of production of various 
states of Ni in the Ar'' + Ni (CO) 4 flame. The solid 
and dashed lines are theoretical predictions des 
cribed in the text. (XBL 7910-12394) 
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Fig. 2. J\s Fig. 1, but for the Ne* + Fe(C0)5 flame. 
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in three dimensions. The solid line is the 
tion of a restricted model in which the CO 
are alloweClto vibrate but to translate in only 
one dimension (the reaction coordinate) and 
not to rotate. Clearly, the restricted picture is 
more realistic. Figure 2 shows the same analysis 
of the Ne·-< + Fe (CO) 5 reaction, with the same 
conclusion. 

In terms of electronic it clear 
that the metal is 
state \vhich is highly 
Starting from the carbonyl groLmd electronic con
figuration, which population analysis has shown to 
be (for the case of Ni(C0)4) 

electron exchange with the metastable 1vill remove 
a bonding electron (of 3d or 21r parentage) and 
produce an (from the metastable) in the 4s 
or 3d metal vacancies. The resultant Ni '' will be 
in states derived from 3cl94p or 3d84s4p configura
tions, as we observed in the flame spectra. Simi
lar arguments explain the Fe(C0)5 spectra. 
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5. PRODUCTION AND a!EMISTRY OF li!ETAL ATOll IS AI'-JD 
METAL CLUSTERS BY MOLECUL!\R BEAMS MEI1-JODS-!-

B. C. I-lale, f-1. S. Luftman, and J. S. Winn 

The chemistry of transition metal atoms and 
atomic clusters is traditionally in the domain of 
high temperature chemists. To study this chemistry 
Lmder less severe conditions yet still in the gas 
phase has long been a challenge.l We have ap
proached this problem by exploiting the volatility 
of metal carbonyls and thei.r thermal dissociation 
at moderate temperatures. Tn this way, 1ve ccm use 
molecular beam teclmiques to monitor the clissocia
tion process itself, subsequent recombination 
events during a supersonic beam expansion, and 
reaction or rearrangement chemistry of the complex 
Hhen co-expanded 11'i th various other gases. The 
conditions , pres sure, and composition) 
wxler Hhich \ve perform these experiments allow us 

centers. 

of the conditions of real thor
processes catalyzed by metal 

The supersonic molecular beam expansion is a 
\Vell-lm01m method the production of molecular 
and atomic clusters. We have used such an CAl)an
sion to explore cluster fonnation 1vi th Fe (CO) 5 as 
the metal carrier. The technique ·involves moni
toring the beam composition Hith a mass spectra-



meter universal beam detector as a \uncti_on of the 
on i~as compos it ion and source 

\l'i th nc~lt le (CO):; \-apor, thennal 
at ca. 80°C, and a beam or atomic 
prolTt_t_ccd. Co \\it h ,\r at a 
l atm or h 

temperature. 
ion starts 

one or 
, depend 

amounts 
on the espansion tempernture. 

\l'hen Fe (C:CJ) 5 i_s expamlcxl \\ i th !!.7, (at a total 
in nenr 1 atm and hith a (CO) 5 mole 

ion o <lbout 'i'li), the mass spectntm shm,·s ne\,
[eatures appearing as the temperature is raised 
through the thermal dissoci_ation ion of Fc(CO)s. 
J:xperimcnts ,,i th both and D1 the pro-
duct ion o I and ketene, C1 hC:O. The reaction of 
lb ~ri th C:O to \'ield CO; and CI1;CO is exothermic by 
:)() kcal/mol, a;xl apparent]\' a hnlricle intcrmecLiat~ 
is l'onnecl bet11Cen liz and some Fe (CO) 5 fragment 
\vh i ch rearranges to the observed products. The 
role oC Fe in faci.litnting the I!z bond rupture has 
been in !'erred [rom manv sur face and solution 
stucli es, and 11e expect to be able to monitor this 
ef'fcct "" a Function of mean Fe cluster size in 
future 

'~"Brief 
l. J. 

version of LBL-10170. 
S. \\inn, UlL-10170 (accepted br Trans. 

Symposia). 
B. L. Blanc1· and G. E. , Ann. Rev. Chem. 
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6. ~lDLLCUL\R BEA\1 HECTRIC RESDN\:\CE SPECTROSCOPY. 

II. S. Luftman, S. ,\. Sherro11, and J. S. \Vim1 

Our research on \veakl\·-bound molecular struc-
tures us molecular hc~un electr.ic resonance spec-
troscOJW has armmd rare gas-hydrogen 
halide dimers, rare gas-halogen climers, and 
halogen-halogen cllmcrs. 2 These fo11n a 
class of ,,·ealdy- bowKl donor-acceptor complexes for 
\d1ich a large bodv of structural data has been 
measured, especiall\· in regards to rare gas
hnlrogen halide climcrs. 

The structure of Xcl!Cl \\ilS completed in colla
borat i_on hi th the I larvarcl iln:lER group, and data are 
no~r· available on IICl complexes \vith all rare gases 
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Table 1. Structural data on rare 

R 
0 

(A) 

NeHCL 

Ari-ICl 4.006 

I<rf!Cl 4.078 

XeHCl 4.258 

8 

(de g) 

39.8° 

34.77° 

except lie, \1hich i~ assumed to hchDve like \c. 1110 
:\el!Cl molecule clocs not exhibit a permanent clipole 
moment, indicating csscntiall\' [rcc rotation of the 
IIC1 molecule in the Field of the :\c atom. In other 
\lorcls, the anisotrOJW or the potential is vcn- 11•eak. 
Table l stumnari=:cs the structun1l cla lcl on th~ rare 
gas-IICl complexes. Particularl\' striking i_s the 

of these data [or the heavier rare gases. 
~1re average deviations 

Crom a coll ncar equilihr gcometn·, \vhi lc R is 
the rare gas Cl distance. The trend in 
these data il rc cons is tent \vi th increase in 

lit ies of the rare gases, but the data 
cannot be ned by simp\ c induct ion forces 
alone. 

\\'e have abo begun 1vork on the IleC:lF molecule. 
Thi.s is the most probable lie-containing 
complex to be amenabl c to bY lll13ER methods . 
C:H is a strong Le~ris acid, the structure of 
this molecule ~Vill determine the importance of p 
versus s electron donation in the an of 
the :i.ntcrmolecular potential between an atom and 
a Lehis acid diatomic. The high source pncssures 
available in our 01BER spectrometer beam source 
make this uniquely sui ted to our appa-
ratus. The only other lie complex for which struc
tural data are available is the Ile Iz molecule, 
11·hich appears from optical spectra to be T- shaped, 
rather than li.near as is the case for ArClF and 
KrClF. 

'~'supported in part by :.JSF. 
l. K. V. Chance, K, I-I. Bm,•en, J. S. Winn, and 
W. Klemperer, J. C:hem. Phys. 70 5157 (1979), 
2. K. V. Chance, K. II. Bm,-en, , S. Winn, and 
N. Klcmpcrer, J. Chem. 2__1_, 0000 (1979). 
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The metal car-
bonyls 
to be using 
methods cmd molecular heam methods. use 
electric and cleflecti.on to product 
distributions. electri.c deflection analysis 
of, for instance, cis to trans 2 butane isomeriza-
tion Fe or Ni is8inong of experiments 
,,·e undertake. 

!Cl cLi.mers. 

B 

Umz) 

1678.511 

1205 

989.262 

(D) 

0.81144 

1.0901 



We also to the 
of Fe and clusters a magm~tic deflection. 
There is evidence from matrix isolation spectra 
that as fe1'' as five Fe atoms form an ordered mag
netic system. \l'e hope to probe this phenomenon as 
a function of cluster size. 

The electric resonance spectra of selected rare 
gas-halogen complexes will be sought. Particular 
emphasis 1vill be given to I-JeClF and XeF radical. 
Our ~lEER apparatus Hill be used in these 
ments, and a high F atom source 1vill 
be developed for the 

The program on analytic potential functions for 
\\'eakly- bound molecules will be continued, 1vith par
ticular being on differential scat

inversions in the rare gas-halide systems 
and on the spectroscopic inversion of alkaline 
earth diatomics. 
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C. Bradley Moore, Investigator 

on 
of this program has been 

vibrational overtone cxcita-
coupllng :1mong vibrational 

modes at high internal and to explore the 
possibilitv of photochemLstrv follm\i.ng e;;citation. 
The techniques of optoacoustic spectroscopy and 

Li1scr spcctroscop\· arc used for 
these studies. P.csul ts are described .i.n the fonm,·
ing sections. Dye laser absorption spectroscopy is 
also being developed for studv1ng the dvnamics ancl 
chem.istrv of !!CO. !!CO reaction rate measurements 
h'i ll com!ncnce shortl v. Othc r \vork in progress 
includes vibrational. relaxation and 1n 
matrix isolated S\'Stems, spcctroscopv in the 
condensed and photoprcd i ssoc i at ion or· formal-
dehyde. 

l. PRESSURI: BP.OAIJE);T~C OF Sl\JCLE VlBR\T 
ROTATIONAL THA:\SITJONS OF ACETYLJ\JE XI v = 

James S. Wong 

Properties of high vibrational overtones of poly
atomic molecules arc a subject of intense studv 
following the of possible mode- selective 

after photon excitation of these 
overtones .1· 3 Due to the weak absorption 
strength of the high overtones, the technique of 
optoacoustic spectroscopy is the most suitable 
detection scheme. The high overtone spectra of 
molecules provide valuable pieces of infonnation. 
For small molecules, linc\''idth measurements of 
discrete single vi. bra tion- rotation transitions may 
reveal the onset of intramolecular energv transfer. 
Pressure broadening measurements allo,,· ~i1c to studv 
collisions beth'ecn the excited molecules and the 
vibrationlcss ground state molecules. For large 
molecules the large (>100 cm-l) but Lorentzian 
lincshapes allo1,· one to extract intramolecular 
energy transfer imcl clcphasing ra tcs \\'hi ch are 
essential for the understanding of moclc-coupl 
at high vibrational levels. 

For a first study, 1ve have obtained the spectra 
of e;;ci tee! with fi vc vibrational quanta 

motions. The apparatus is 
:\ single [rcqucncy mode tunable 

dye laser, continuously scannable over 10 GHz '''i.th 
30 ~ll-lz resolution, is used to excite 20 to 200 Torr 
of acetylene. The laser beam is chopped at 40 Hz 
to allow for the o[ an optoacoustic 

following absorption bv acetylene. The 5" 
long gas cell is equipped ,,,ith a Knmdes BT 1759 
miniature electret microphone. This microphone 
detects the optoacoustic \\'hich is dircctlv 
proportional to the section. 
Phase-sensitive detection improve the 

A low resolution (1 cm-1) spcctnun is shmv11 in 
. 2. at v = 5 c;;hibi ts a wcll-clefinccl 

rotational structure 1vith distinct P ancl R branches. 

*This work \\'as supported bv the Division of 
Chemical Sciences, Office of Basic 
Sciences, U. S. Department o C 
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Ar+ LASER 

. l. Schematic diagram of the experimental 
apparatus. (XBL 802-8027) 
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The alternating ,,,i th odd ancl even rota-
tiomt1 quantum number is characteristic of the c2II2 
molecule. The discrete structure even at 16,000 
cm-1 of internal energv is a result of the low 
density of states. 

Iligh resolut~i.on spectra 1vere taken as a function 
of acetylene pressure from 20 to 200 Torr for the 
R(3), R(9), and R(lS) lines at v = 5. A typical 
spectrum of the R(9) line ilt 49 Torr is sho\\IJl m 
fig. 3. The room -temperature, self- broadened 
full-widths at half-maximllln of the absorption 
pro file arc shmvn in fig. 4 as a function of 
pressure for the R(3) ancl R(9) lines. The slope 
of the points gives the self-broadening coeffi
cients of each individual line. The measured 

coefficients for the R(3), R(9), 
and E(lS) Jines arc 8.59±0.25 , 7.29±0.32 
!IIT-Iz/Torr, and 6.10± 0.23 jlll!z/Torr, respectively. 
The decrease in pressure broadening as the rota
tional quantltln munber increases is consistent vith 
previous measurements of the v1 + v7 band at about 
6500 cm-1 (Ref. 4 J and is believed to be clue to the 

amount of energy that must be exchanged in 
rotationallv inelastic collisions. The observed 
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Fig. 4. J\ plot 
height vs. 
rotational 
solid lines 

of the full 1vidth at half maximum 
for the R(3) (o) ancl R(9) (L\) 

for the /'N = 5 transition. The 
represent least squares fits to the 

(XBL 802-8025) data. 

pressure broadening coefficients for the R(9) and 
R(l5) levels were 10.2 ~IT-!z/Torr and 9. 8 ~IT-!z/Torr, 
respectively, at 295 K. There has been little 
theoretical treatment of the change in pressure 
broadening as a function of vibrational excitation 
and vork in the literature is limited to diatomic 
molecules. 5 It is hoped this work vil1 generate 
new interest in extending the theoretical w1Cler

to polyatomic molecules. 

* * * 
version of LBL-10251. 

1. K. V. Recldv and 01. J. Berry, Chem. Phys. Lett. 
52 111 (1977)'. 
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3. C. B. illoore and Ian W. 0!. Smith, "Vibrational
Rotational Excitation--Chemical Reactions of 
Vi bra tionally Excited Jlfolecules," Proceedings of 
the Faraday Discussion No. 67, Binningham, England, 
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4. P. Varanasi and B. R. P. Bangaru, J. Quant. 
Spectrosc. Racliat. Transfer 15, 267 (1975). 
5. ill. D. Robert and1. , J. Chem. 
Phys. _!)2, 2204 (197:5). 



2. i\l'li\L YSI S OF Tl!E FI fTll 0\il:RTONT: SPECTRUM OF 
PROP;\1\lE 

James S. Wong 

The high overtone one photon spectra of organic 
molecules 1vith visible light arc dominated by 
"local mode" transitions in which onlv one C-H 
oscillator is cxcitcd.l Since this oj,tically 
prepared local mode state is not a true 
of the system, collislonless intramolecular energv 
transfer and dephasing ,,·ill occur spreading the 
vibrational energy throughout the molecule.2 from 
the line1viclths of the observed spectra, one can 
obtain the energy transfer rate of the lifetime 
broadened state. 

Since the oscillator strength is 
derived from a single C-H oscillator, one might 
expect to resolve splittings in the spectra due to 
inequivalent C-ll stretches. Other workers3,4 have 
resolved two peaks in the liquid phase spectra of 
alkanes: one from the methylene (OI2) grotrps and 
one from the methyl (CH3) groups at higher energy. 
UnfortLmately, the intennolecular interactions in 
the liquid phase obscure the free molecule homogen
eous linc1vidth and no intramolecular lifetime 
infonnation could be extracted. From the gas phase 
spectnun taken in this 1vork, one can obtain infor
mation on the intramolecular energy transfer rate 
under essentially collisionless (on the picosecond 
timescale) conditions. 

Optoacoustic spectra were obtained with the 
apparatus show1 schematically in Fig. l of the 
preceding article. The optoacoustic cell is now 
placed within the cavity of the cw dye laser to 
take advantage of the higher intracavity circulat-

pmver. W:welength scanning is perfonned at 
1 cm-l resolution the birefrigent filter and 
the optoacoustic signal is normalized to the intra

power by monitoring the small ammmt of 
light scattered off the Brewster angle 1vind01v of 
the OA cell. 

The spectrum of propane at /l.v= 6 is sh011TI in 
r:ig. l. The raw spectnun from the strip chart 
recorder was digitized and resolved into a swn of 
three Lorentzians by the program, GAl\llC:T, which was 
originally wTitten for resolving photoelectnn 
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The results of the deconvolution with 
full 1vidth at half maximwn height (P1\H~l) for 

the two higher energy peaks constrained to be 
equal are given in Table l. The methylene 

lies at lower energy at 15559 cm-1 but the 
methyl group is split i11to two peaks. Since the 
methyl groups can undergo a hindered internal 
rotation 1Vith a barrier height of approximately 
3. 3 kcal/mo le, 5 the symmetry point group of propane 
is C2v with one of the hydrogens on each methyl 
group lying in the plane of the molecule and the 
other two lying out of the molecular plane. The 
difference in the steric environment shifts the 
in-plane C-H stretch to higher energy at 15846 cm-1. 
The observed relative areas of 1:1.5 :l qualitatively 
support the assignment, but the cross sections for 
each local mode C--H transition are expected to 
depend on many factors, such as anharmonici 
which vary from oscillator to oscillator. 
ments in progress indicate that a splitting 
methyl C-H stretches of alkanes may be a general 
phenomenon. A point of interest is that the 
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Energy (103 cm- 1) 

Fig. l. Experimental and deconvoluted spectrum of 
propane at /W = 6. The three Lorentzians from the 
computer calculation are labeled l, 2 and 3. Peak 
Ill corresponds to the C-H's of the methylene (CI-!2) 
group and peaks 2 and 3 correspond to the two 
inequivalent C-H's of the methyl grouns. 

(XBL 802-8024) 

Table l. Results of computer deconvolution. 

Peak 

l 

2 

3 

-1 
Location (em ) 

15559 ± 3 

15747 ± 1 

15846 ± 2 

aeons trained to be equal to 

-1 
FWHl'1 (em ) 

141 ± l3 

109 ± 4 

l09a 

the FWHI1 of 

Relative area 

l.O ± .1 

1. 49 ± .06 

1. 01 ± .04 

peak 2. 



methylene peak is considerably broader than the 
methyl peaks (141 vs. 109 em- ) , indicating that 
the dephasing and energy transfer rates are faster 
for the methylene C- H modes. Studies tmder way 
on the local mode spectra of cycloalkanes and C)'Clo
alkenes shmv even larger differences in linewidths 
and a more general treatment of theory of intra
molecular energy transfer is being developed. 
Since spli ttings in the. local mode spectra of 
chemically equivalent C-H bonds are observable, 
the chances of achieving mode-selective vibrational 
photochemistry following one photon excitation o[ 
a single C-H local mode appear excellent. The 
reaction system currently under investigation is 
HCl elimination from 1,2-dichloropropane which has 
four different photolysis products and at least 
three different groups of C-H bonds. 

* * * 
l. See, for example, B. R. Henry, Ace. Chem. Res. 
l_Q_, 207 (19 
2. D. F. Heller and S. !Vlukamel, J. Chem. Phys. 70, 
463 (1979). 
3. 1V. R. A. Greenlay and B. R. Henry, J. Chern. 
Phys. 69, 82 (1979). 
4. M.S. Burberry, J. J\. Morrell, A. C. Albrecht 
and R. L. Swofford, J. Chem. Phys. 70, 5522 (1979) . 
5. S. Weiss and G. E. Leroi, Spectrochim. Acta. 
A~, 1759 (1969). 

3. VIBRATION-VIBRATION ENERGY TRANSFER IN 0lET!-IAl\JEi" 

P. Hessf and A. H. Kung 

Methane is a relatively simple polyatomic mole
cule whose structure and spectroscopy are \vell 
studied.l The presence of four fundamental vibra
tions makes the energy level diagram, Fig. l, 
sufficiently complex that methane should be a 
useful prototype for understanding energy transfer 
processes in larger molecules. In many molecules 
CH stretching vibrations are clustered near 3000 

1 cm- 1 and bending vibrations in the 1200-1500 cm
range.2 The proximity of bending overtones and 
stretches provides a relaxation path which is 

6000 2v3 

' 
5000 

E ~orescence 

-.S 
4000 vl+v4 v3+v4 

"' 
3v

4 
2' 
Q) 

3000 "3 --2z-c c 
w 2v4 

v2+v4 

0 
c 2000 .'? 

2 Laser "4 
"2 

.0 1000 Excitation > 
0 

"I "4 "3 1/2 
sym. stretch asym. bend osym. stretc11 sym. bend 

Fig. l. Energy levels of CH4 1vi th laser excitation 
( -) and some fluorescence c~~-) transitions 
indicated. (XBL 787-9565) 
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undoubtedly important in most hydrocarbons. Laser 
excited vi bra tiona l fluorescence exper.imcn ts have 
given rates for v-v transfer 
bending vibrations in methane. 
tion rates hove also been measured hv manv methods. 
The results have helped to establish. a good 

understanding of the role of rotation 
relaxation. 

In this artie I.e a powerful ne1v tunable ir laser 
source is used to excite a varietv of combination 
and overtone levels as 1ve 11 as the v3 mode in the 
2800- 6000 cm-1 range. There arc too many levels 
even in methane for a complete determination of 
rate constants coupling each possible initial and 
final vibrational level. However, rates arc 
determined for the various of v-v transfer 
processes and overall path11rays are 
mapped in a general ,,rav. The method of laser
induced fluorescence is used. Emission is monitor
eel from both infrared acti vc modes. A summary of 
the has presented in a previous 

The result of the analysis is descr1bccl 

Table 1 gives approximate rates for the various 
t)1Jes of V _,. V energy transfer processes which occur 
in pure CH4. All of the rates fall in the range of 
roughly 0.1 to l l Torcl, or (0.3 to 3) x 10-lJ 
cm3 molecule-1 sec , corresponding probabilities 
per gas kinetic collision between 10- and lo-1. 
The scaling factor appropriate for first order 
perturbations of harmonic oscillators is listed 
for measured rate or tnJe of rate. If these 
V + V transfer rates scale in thi.s way then the 
rates for the involving between 
levels v=O be fow1cl bv dividing the 
reported rate . n. The fastest rate 
is for transfer of energy 1vi thin a molecule 
between the S)'1mnetric and asymmetric stretching 
modes. The analogous process for bending vibra
tions, intramolecular conversi.on bet1veen vz and v 4 
excitation, is also fast. The stretch-to-bend 
transfers are dominated by intramolecular conversion 
of v3 to 2v4 and v2 + v4 . In any case 
v 2 + v4 and 2v4 arc rapidly equilibrated. Prestun
ably 2v2 also equilibrates rapidly with these 
levels by this intramolecular interconversion 
of v2 and v4 quanta. For the stretch-to-bend 
relaxation of v3 it has been observed previously4 

that rare gases are comparably effective to methane 
itself as energy transfer collision partners. This 
should be true for all of the intramolecular trans
fer processes. The intermolecular V + V transfers 
are slower than the intramolecular ones even though 

involve smaller changes in total vibrational 
energy. The rates for transfer of a or a 
stretching quanttnn from one molecule are 
listed at the bottom of Table l. 

In conclusion, Rpproxima te values are foLmd for 
the different types of V + V energy trans [er process 
processes Hhich relax the higher vibrational levels 
of methane. In systems ,,,hich arc only partially 
relaxed the relative speed of intramolecular 
processes vs. intennolecular ones \vill tend to 
keep the excitation concentrated in the 
molecule that is Thus in experi.mcnts on 
gas-surfilce interactions the populations of CH4 (Zv4) 
will be more important than the production of 
2CI-I,1(v4) following v3 cxci.tation. To the extent 
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Table l. Rates of collisional V-+ V energy transfer in CH 4 at 294 K. 

na (pT) 
- l k X 10 ll pb 

(fJSeC 
- l -1 

Torr ) (em 
3 molec 

-1 

- l sec ) 

Processes predominantly intramolecular 

v 3+--+v 1 1 kl "' 1.2 ± 0. 3 3.6 0.09 

v
2

+v
4

+--+2v
4 

2 kl7 1 ± 0. 5 3 0.08 

' v3 -+ 2vb 1 kg 0.28 ± 0.06 0.8 0.022 

' ' 2v 3 ->-v 3+2vb 2 kl2+kl3 0.6 ± 0.2 1.8 0.05 

' v 3+v 4 -+3vb 1-2 kg 0. 7 ± 0. 2 2.1 0.05 

Intermolecular single quantum transfer 

\)4 2 k20 = 0.6 ± 0. 2 1.8 0.05 

' ' stretch 2 kll + 2kl4 0.25 ± 0.15 0.8 0.02 

bend and ' 
strech 1 k2 0. 2 ± 0.1 0.6 0.02 

a. Normalization factor for first order perturbation of harmonic 

oscillators 

b. Probability per gas kinetic collision, (pTZ)- 1 . 

that intramolecular transfers are faster than 
intennolecular ones, laser- induced chemical 
reactions of small molecules may be favored by 
keeping tl1e total energy of a molecule above 
threshold 1vhile energy is transferred to the most 
effective modes for reactions. 

* * * 
tBrief version of LBL-10060. 
tpennanent address: Physikalisch-Chemisches Insti tut 
der Universitat Heidelberg, Neuenheimer Feld l, 
69 Heidelberg, \Vest Germany. 

l. K. Fox, "Analysis of Vibration-Rotation Spectra 
of 1-!ethane," U. S. National Technical Information 
Service, AD Rep. 1974, No. 77606l/4GA. 
2. G. Herzberg, "Molecular Spectra and 0lolecu lar 
Structure. II. Infrared and Raman Spectra of Poly
atomic Molecules," (Van Nostrand, Princeton, 1945). 
3. J. T. Yardley and C. B. 1-'loore, J. Chem. Phys. 
49, 1111 (1968) . 
4-:- P. Hess and C. B. Moore, J. Chem. Phys. .§2_, 
2339 (1976). 
5. P. Hess and A. I-I. Kung, l';!lv!RD Annual Report for 
1978, p. 270. 



Rl SI\RCII PL\\S lOR C\Ll\ll\R 1!\1\ 1980 

The prinFtr)' cmphas is o[ rco;carch plans lor 1980 
is to understand the possihi I itics l'or and 1inLita
tions on selective photochemicaL processes. Part 
0 r the c ff"o rts arc devoted to the s tllll\' 0 r rc lax a
tion of selcctiveh excited :;Utes to thermal]\' 
he:ltcd states, part to chemi.ctl d)1Wmics of th~ 
unrclaxed states and part to the o [ the 
compara hJe thermal :;\·:; tems. 

1\cscarch 11 i 11 inc llllle: 

enc ancl 
region 11oi1J 

he studied. These spectra reveal the n<1ture 
coupLing ilmong vibrittiona1 modes and of collision
Less intramolecular encrg\' transfer for h 
vibrational. sUttes. The of these highly 
excited molecules 11·i.1l he Bond selective 
vibration<1l photochem 
fol1 011ing s i photon c 
quantum states of these and more ccmplcx molecules 
such as 1,2-cli.chloropropane. 

comlensecl 

on a surface. Knmdcclge 
relaxation rates is an important first to 

the kinetics of surfoce 
and to successful sci ecti 1·e photochemist 
sur face molecules. Co rbon monoxide 
amorphous sdica is a convenient svstcm to begin 
this study. The of laser inclucccl, time-
resolved infrared fluorescence ~ill he used. 

relaxation \\'ill be monitored by time 
emission [rom the c;dsorbcd CO. Lnerg,· 

transfer rates 11'il '1 be measured as a function of 
temperature, surface coverage and surface prep<1-
ration. 

can bc:st be demonstrated in an isoliltecl 
molecule since collisi.ons arc knm1n to disrupt 
selective excitation. The svstcm of cobalt 
carhonvls in :mcrt gas matrices at 10 K is most 
sui. tabLe for this purpose. The inte !Tonvc rs Lon 
of bridging and terminal carbonyls h:1s n lmv acti-
V<"ltion cnergv and the lsomcriz,ation i lv be 
observed bv monitoring the ion o[ in 

ll\' labeled C:o,l (C:O)tz us infrared absorp-
tion spectroscopy. The dynamics of CO ligand 
exchanges arc important for umlerstancbng the 

ic behavior of this type of molecule. 

R;tcl ical- racl ica} Reactions and Combustion 
oTTI1C -i,~zitc--i.~~ol'!s tan t s 

modeling of combustion processes. The usc of laser 
Flash kinetic spectroscopy for quantitative measure .. 
ments of these reaction rates has recentlY been 
clemons trated in this laboraton'. ,\ccurat~ absolute 
radical concentrztti.on rncilsurements arc made simplv 
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h)· measurement of the laser po1,·cr zwsorbccl 11'hcn 
radicals arc produced laser photoclissociation. 
r\pprcximatc rate constnnts for ;r + IIC:O nncl IlCO + l!C:Ci 
have been clctermincxl by moni llC:O absorption 
foUm,Lng formaldehyde photol\·si:'. The mez1surecl 
rates arc one order of magnitude l<1rger than those 
previously predicted and usccl for combusti.on 
modeling. Tt is proposed tc refine the experi
mental svstcm tc produce rate constants as a 
function of temperature with better than 20% 
accuracy. The potential surface for the II+ IICO 
reaction is being by Il. F. Schaefc r' s 

The combined should produce an 
model for this unusuallv fast rcacti on 

the to estimate accurate rate const<1nts 
expcr imcntally inaccessible concli t ions. 

:!any radicals mav be produced in high conccntra .. 
tion photolysis 1,ith uv excimer laser lines. 
It is also possible to study reactions bet1,·een 
two mo locular excited \Je1,· t\'pes of 
reactions may be expected in the h'av that 
correlation arguments sh01v that photochcinicaHy 
accessed reaction paths lead to different products 
than do thermal reaction paths. 
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1. I:VIPROVED AB INITIO EFFECTIVE CORE POTENTIALS 
FOR illOLECULi\R-CJ\LC:ULYl'IONS-i-

Phillip 1\. Christiansen, Yoon S. Lee and Kenneth 
S. Pitzer 

During the last ten years, effective potentials 
(EP) based directly or indirectly on the ~seudo
potential theory of Phillips and Kleinman · (PK) 
have become popular for the study of molecular 
systems containing atoms with large numbers of 
electrons. However, because of the approximations 
involved and because of the erratic results some
times obtained, electronic structure theorists 
have remained skeptical of the usefulness of these 
procedures for obtaining quantitative chemical 
information. Some of the more widely employed 
EPs yield poor results for molecular 
dissociation curves. This was particularly well 
documented in the Fz and studies of Hay, 
Wadt and Kalm. 2 Using the type EPs generated 
by Kalm et al, 3 they observed unreasonable short
ening of bond lengths, increases in dissociation 
energies, and lowering of inner repulsive walls of 
the dissociation curves relative to all-electron 
calculations or results. Although 
they were able to reduce greatly the errors by 
ad hoc modifications of the Kahn EPs, substantial 
errors in bond and inner repulsive walls 
still remained. Furthermore some of their modif
ications lead to inconsistencies in the EP formal
ism. 

1Ve have recently investigated this problem in 
tenns of the EP formalism and have conclucled that 
these problems are not the result of the frozen 
core~ and local potential approximation as is often 
suggested, but rather they are clue, at least in 
large measure, to incorrect partitioning of core 
and valence electron space as implied by the 
Phillips- Kleinman pseudoorbi tal. 1he PK pseudo-
orbital has the fonn 

PK 
Xv C:v¢v + I Cc¢c' 

c 

where the ¢v and ¢c are the valence and core 
atomic I-Iartree- Fock orbitals. Since x~K and all 
¢'s are normalized, Cv is always less than unity 
and electron 1s trans fer red from the 
valence region into the core. As a result in 
molecular calculations the xtK cannot accurately 
describe either the electronic structure in the 
bonding region or the valence·core potential 
terms. 

To correct for this defect \YO have abandoned 
the PK definition for Xv illld it with 

f 
v 

111is work was supported by the Division of Chem-
ical Sciences, Office of Basic Sciences, 
U.S. Department of 

292 

where the fwlCtion fv is zero outside the core 
region and is othenvise chosen to cancel the oscil-
lations of ¢v within the core so that Xv 
will be smooth and have no radial nodes. In 
practice, Xv is defined in two regions. For values 
of r greater th~n some rmatch we set Xv equal to 
q1v. In the re g10n between r ~ 0 and r ~ r la t b , 

is defined as a five tenn polynomial inn r Fiith 
coefficients chosen so as to match the ampli

tude and first three derivatives of ¢v at r t h 
and to ensure nonnalization of Xv· The valrl~ 5£ 
r nat h is. chosen to. be the innenno~t point for 
wPhcfi Xv 1s smooth 1n the core regwn wlth at most 
two inflexions in its entire r311ge. Plots of Xv 
and x~K (from Ref. 3) can be seen in . 1. 

From the above definition of Xv we have gener
ated pseudoorbitals and EPs for chlorine and 
fluorine. We have used these potentials, expanded 
in terms of Gaussian functions, to compute dis
sociation curves for the ground states of Fz and 
Clz. For these calculations we used two-configura
tion MC-SCF wavefunctions, identical in form, to 
those used in the studies by Kahn et al and by Hay 
et al. In Table 1 we list the resulting equilibri
um bond lengths and dissociation energies. For 
comparison He have included the all-electron re
sults from Hay et al., as well as their results 
generated from the PK tyve EPs of Kahn et al. and 
from their modification of the Kahn EP. 
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Table 1. Bond length (Bohr) and dissociation 
(kcal/mole) for the grow1d 

states of Fz and from 2-configuration 
MCSCF wavefunctions. 

Potential F 2 c1 2 
D R D 

c e e 

All Electron 
2 

2o84 14.8 4.04 2 7. 0 

Hay EP 2 2,82 16.1 3.94 24.6 

Kahn EPa 2. 7 0 21.2 3. 7 6 45.7 

Present 2. 8 6 14.6 4.04 2 5. 7 

<lyalues were computed by 
tials from Kalm et al. 3 

!lay et al., poten-

For both F2 a.'1d c12 the agreement between our 
EP results and the all-electron results is excel
lent. Our results are even better than those 
which Hay et al. obtained with their modified PK 
type EP (for c12 the difference is substantial). 
TI1ese improvements are apparent in Figs. 2 and 3 
where we have plotted the corresponding potential 
curves for Fz and c1 2 for the regions near the 
equilibriwn geometries. 

TI1e differences between the present and previous 
EP calculations become very apparent at short 
internuclear separations. For the shortest bond 
distances studied, 2. 2 Bohr for F2 and 3. 0 Bohr 
for Cl 2, the curves generated from the PK type 
EPs of Kahn et al. were far too low (insufficiently 
repulsive) . Even the modified EPs of Hay et al. 
yielded potential curves which were too low by 
about 0.007 and 0.03 a.u., respectively. TI1is is 
contrary to what one would expect from the frozen 
core approximation since core polarization, if 
treated rigorously, will w1doubtedly lower the 
molecular energy. In contrast, using the present 
procedure the potential curves for both molecules 
were too repulsive by about 0.002 a.u. for the 
same geometries. This is a relatively small error 
and in the proper direction. 

In swmnary we have shown that effective potential 
calculations of mo}.ecular properties can reliably 
yield results in close agreement with all-electron 
calculations if the atomic pseudoorbitals retain 
the correct radial distribution of charge in the 
valence region as given by all-electron atomic 
calculations. The problems with previous EP 
calculations stem from the improper partitioning of 
core and valence electron space in the Phillips
Kleinman formalism. 

i-BriefversionofLBL-9351; J. Chem. Phys. '1'_1_, 
4445 (1979). 
1. J. C. Phillips and L. Kleinman, Phys. Rev. 
ll6, 287 (1959). 
2. P. J. Hay, W. R. Wadt, and L. R. Kahn, J. 
Chem. Phys. 68, 3059 (1978). 
3. L. R. Kahn, P. Baybutt and D. G. Truhlar, 
J. Chem. Phys. ~' 3826 (1976). 
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Fig. 2. Potential energy curves for the ground 
state of Fz from all-electron (AE) and effective 
potential lEP) calculations using 2-configuration 
MCSCF wavefunctions. (XBL 794-6126) 
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Fig. 3. Potential energy curves for the ground 
state of Cl2 from all-electron V\E) and effective 
potential (EP) calculations using 2-configuration 
MCSCF wavefunctions. (XBL 794-6127) 
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2. RELATIVISTIC EFFECTS ON MOLECULAR PROPERTIES: 
Auz , PbS, and PbSe. ·:· 

Yoon S. Lee, Walter C. Ermler, and Kenneth S. 
Pitzer 

Previously 1ve have developed and reported a 
method of generating relativistic effective core 
potentials (REP)l from atomic Dirac-Hartree--Fock 
(DI-IF) calculations and applications to the diatomic 
molecules (Ref. 2) and . 3,4 In these 
applications, ve averaged the Pl/2 and P3/4 poten
tials (also d3/2 and ds;z, etc.) 1vith the proper 
1veights so that the spin-orbit splittings were 
removed from the potentials and the usual programs 
based on LS coupling can be used for the molecular 
calculations. Other workers have also used aver
aged relativistic effective core potentials (AREP) 
in molecular calculations. 

Since the spin-orbit splitting is comparable in 
order of magnitude with other relativistic effects, 
it is theoretically more consistent to avoid this 
averaging and to carry out molecular calculations 
in w-w coupling. In this article we describe a 
method for self-consistent-field (SCF) molecular 
calculation using the non-averaged REP from our 
earlier treatment of atoms and thus retaining the 
spin-orbit effect in a direct manner. The applica
tion of our REP in Jnolecular calculations requires 
a SCF formalism that is based upon two-component 
molecular spinors. A brief discussion of the 
method has been reported in an earlier paper3 for 
diatomic molecules with closed-shell configura
tions. We have extended the theory to treat mole
cules with no more than one open shell of a given 
S)~Jlllletry. Electronic structure calculations for 
Auz +, T foi-l, PbS and PbSe are reported as examples 
of this procedure. In linear molecules, the 
angular S)~nmetry of a state is defined by the 
total electronic angular momentum Q as in the Hund 

case c and that of ith molecular orbital by 
mi = ±wi. The two orbitals 1vi th mi = +wi and 
mi = -wi are degenerate and constitute a shell. 
With spm incorporated in the orbital, each 
molecular orbital can accon1!llodate only one 
electron. With these characteristics, one can 
derive the SCF theory of the two -component molec 
ular spinors (TCMS) for diatomic molecules by 
applying the approximations that have been devel
oped for the conv.entional non-relativistic 
molecular calculations. The rather extensive 
mathematics of these procedures is given in 
LBL-10101. 

Some+of the results are given in Tables 1-4. 
For Au2 columns three and four of Table 1 compare 
the vertical ionization energy from the difference 
of total energies of Au2 and Au2+ with that from 
Koopman's theorem. The agreement is good and 
indicates that our open-shell calculations are 
adequate for Au2+ and that Koopman's theorem is a 
good approximatlOn. As would be expected, the 
(1/Z)R state of Au2+ has a slightly larger equilib
rium oond length (5.18 a.~.) and a smaller vibra
tional frequency (94 cm-1) compared with the~ 
state of Au2 according to our calculations. The 
dissociation energy is expected to be smaller 
for Auz + than for Auz although the exact estimate 
of De lS not available in the SCF approximation. 
We are not aware of experimental values for Auz+ 
for comparison. 

The ground state of T£H has been calculated with 
3 and 13 electron valence shells and with REP, AREP 
and NREP for the n atom. The spectroscopic 
constants are summarized in Table 2, from which it 
is apparent that relativity reduces the interatomic 
distance significantly; this may be ascribed to the 
relativistic contraction of the 6s orbital on T£ 
and to a smaller contraction of the 6Pl/2 orbital. 
Also the bond is weakened, although consideration 

+ 
Table 1. Total valence energies of Au 2 , vertical ionization 

R 

4. 5 

4. 7 5 

5.0 

5. 5 

8.0 

energies of Au 2 (calculated from the total valence 
+ 

energies of Au 2 and Au 2 ) and the orbital energies 

of the least-bound (1/Z)g electron of Au 2 at 

various interatomic distances. (all in a.u. and 

based on 11-electron REP's for Au) 

+ 
-E (Au 2) 1 E(Au 2 ) -E[(-) J of Au 2 2 g 

70.5181 .260 .281 

70.5266 .254 .274 

70.5300 .249 .267 

70.5292 .238 .255 

70.5022 .202 . 211 



of the spin-orbit splitting of the atomic states 
of T!!, complicates the argument. 

TI1e difference in Re between the 3 and 13 elec
tron bases for 'H is surprisingly large. Pre
sumably the outer radius of the 5d orbitals is 
important in detennining Re and this should be 
more reliably established when these 5d electrons 
are included ex1Jlici tly in the calculation. 

TI1e population analysis for TQJl was considered 
but the interpretation is rather complex. TI1e 
most striking results are: (1) the large ionic 
character n +w with about 0. 35e charge, and (2) 
the small ratio of the Cr:.v 2;p112 ) populations for 
the relativistic calculatlbns cbmpared to the non
relativistic value of 2.0. 

Our interest in PbS and PbSe was stimulated by 
the simultaneous measurements of Professor Shirley 
and associates of the photoelectron spectra.6 
TI1e results for PbS are shmm in Table 3; the re
sults for PbSe are similar in all respects. For 
both molecules the lower frequency photoelectron 
peak is broad and presumably includes both the 
lowest r1 1/2 state and the rl = 3/2 state for the 
positive ion. TI1e agreement of our calculated 
energies with exyeriment is as good as could be 
ex'}Jected. Also our results show a rapid vari
ation of s with interatomic distance for the 4-1/2 
orbital and hence predict a broad band which would 
overlap the 1-3/2 band. For the second transition 
removing an electron from the 3-1/2 orbital, the 
agreement between calculation and experiment is 
perfect--doubtless in some degree by accident. 
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Also shmv11 in Table 3 results of the Yn cal-
culations of Yang and Rabii 1vhich yield the cor
rect order of orbital energies but the quantitative 

/llore recent and improved 
Xa yield better agreement. 

In Table 4 are shmm our calculated values of 
Re, tue, and De together with experimental clata.9 
TI1e agreement with the ex1Jerimental values of Re 
is quite satisfactory. Since electron correlation 
is not included in our calculation, it is 
that our calculated De will be too small, 
effect will also influence the uJe values in the 
same direction. 

-]-Brief version of LBL-10101. 
1. Y. S. Lee, W. C. Er111ler and K. S. Pitzer, 
J. Chem. Phys. 67 5861 (1977). 
2. W. C. Emler, . S. Lee, K. S. Pitzer and N. W. 
Winter, J. Chem. Phys. 69, 976 (1978). 
3. Y. S. Lee, W. C. Lnnler, K. S. Pitzer and A. D. 
l'lcLean, J. Chem. Phys. 70, 288 (1979). 
4. W. C. Emler, Y. S.Lee and K. S. Pitzer, J. 
Chem. Phys. 70, 293 (1979). 
5. P. PyykkO, and J. P. Desclaux, Chem. Phys. 
Lett. 42, 545 (1976). 
6. D.A. Shirley, /ll. G. M1ite, and associates, 
private conm1tmication. 
7. C. Y. and S. Rabii, J. 01em. Phys. 69, 
2497 (1978). 
8. M. C. lv11ite and C. Yang, commtmication. 
9. K. P. Huber and G. Herzberg, Molecular Spectra 
and Iv!olecular Structure. IV. Constants of 
Diatomic /llolecules, Van Nostrand Reinhold Co., 
New York (1979) . 

Table 2. Spectroscopic constants obtained from the SCF calculation of HH 1v t th 5 

Re(aouo) 

De(a,u,) 

-1 w (em ) e 

(p3/2/pl/2) 

I.P,(a.uo) 
d 

a E(Ti 

b E(H 

various EP's and from 

Effective 

REPl3 3 

3o47 3039 

o057a ,OSOa 

1450 1380 

c 
'3 7 'so 

,298 .290 

2 
Pl/Z) + E(H) - E(THJ 

2
P) + E(II) - E(HH at 

the one-center calculations of Pyykko and Desclaux 

Core Potentials One-center Exp 
b 

AREP3 NREP13 NREP3 R NR 

3' 39 3o67 3' 55 3 0 52 9 3 0 79 5 3,53 

o06Sb ,062b '064b 0,072 

1380 1380 1410 1500 1390 1391 

2' 0 2,0 2 0 0 0 6 5 2' 0 

o286 ,266 .267 

c From the atomic population analysis. 

d Ionization potential from Koopman's theorem and orbital energies at near 
equilibrium distance, 
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Table 3. Orbital energies and ionization energies 
for 

Orbital REP 

4 - 1/2 ,326 

1 - 3/2 ,344 

3 - 1/2 ,359 

2 - 1/2 .591 

1 - 1/2 ,884 

Table 4. 

Re(a,u,) 

-1 
w (em ) e 

De(a,u,) 

PbS (in a,u, at R ~ 4. 2 5). 

X a Exp 7 

Ref 8 Ref 9 

. 2 2 7 • 3341 

0 34 5 j ,338 (broad) 
.243 

0260 0 35 3 0360 

,510 o566 

0632 

Calculated and experimental 
quantities for PbS and PbSe, 

REP 4 0 2 8 4 0 55 

Exp 4.321 4 0 5 39 

REP 351. 2100 

Exp 429o4 2 77 0 6 

REP 0,043 Oo033 

Exp Oo128 0.113 



3. T!IER.\IOilY~;\?,!lC PROPmTIES ClF 
FR0:-1 DILUTE SClLlfriCl\JS TO HJSED 

Kenneth S. Pitzer 

systems extending in the liquid 
phase from a dilute solution in a polar molecular 
solvent (such as to a pure fused salt 
constitute an but infrequently studied 
type. are of interest as extremely concen·· 
trated brines. Krausl sunnnarized the information 
available in 1954 such systems. In the 
following 25 years, the vapor pressure and thereby 
the activitv of water has been measured for the 
systems (L(K)N03-rr2o (Refs. 2 and 3) ancl 
(i\g,TQ,)N03·HzO (Ref. 4) over the entire range from 
pure water to fused salt. In each case there is a 
fixed, equal ion fraction of cations so 
that either can be as a tHo component 
~IN03 -IIzO system. 111e mixing of the salts reduces 
the melting point and allmvs the experiments to 
be carried out at lmv pressure near l00°C. With 
the availability of these thermodynamic data it 
seemed \VOrth~Vhile to examine again the nature of 
these novel systems. 

Figure l presents a survey of data for the 
activi.ty of \''ater rn very concentrated solutions. 
111e composition variable is the mole fraction on 
an ionized basis, i.e., = n1/ (n1 + vnz) where 
n1 and n2 are moles of and salt, respective-
ly, and v is the number of ions in the salt. On 
this basis Raoult's laK applies in the very dilute 
range, with the Debye-Huckel correction applicable 
as the concentration increases. 111e similarity 
of the curves on Fig. l to those for nonelectrolyte 
solutions is striking. 'D1e clashed line repre
senting a1 = x1 can be called "ideal-solution 
behavior'' for these systems, as it is for non
electrolytes; but it is realized that a statistical 

100° 
0.2 

119o LiN03 

(Li,K)N0
3 

IOOo 

0.2 0.4 0.6 0.8 

Fig. l. The activity of water for \vater-salt 
solutions over the full range of composition. 

(XBL 802-8357) 
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model that result \voulcl IJe more complex 
for the ionic case. Also the Debye-Ili.ickel effect 
is a I: rom this ideal behavior, :.!ever· 
thcless it seems wortlwhlle te e:-q1lore the usc 
for these systems of the silllple equations for non
electrolytes. One of the simplest <:mel most su~
ccssful had its origin in the 11rork of van Laar 
ancl has been widely used since. For the 
of either component, referenced to the pure liquid, 
one has 

£n £n 
2 

al + wlz2 

£n az £n + zl 
2 

zl n/ [n 1 + n 2 Cb 2/b 1 ) J (1) 

zz vn 2; [n 1 (b/b 2 ) + vn 2 1 1 ·· z
1 

w 2 Cbzlb 1 )w 1 

111e non-ideality parameter w (sometimes written 
w/ET) arises from the difference bet~Veen the inter
molecular attraction of Lmlike species as compared 
to the mean of the intennolecular attraction for 
pairs of like The second parameter 
(b1/b2) is sometimes ascribed to the ratio of the 
volwnes of the molecules or to the ratio of molal 
vollunes in the liquid. For fused salt ·water 
mixtures it seems best to (b1/bz) as a 
freely adjustable parameter and subsequently to 
compare the values with ratios of molal volwnes. 

Equation (1) was fitted to the two systems re
maining liquid over the full range of composition 
\vi th the results = l. 02, (b]/bz) = 0. 50 for 
(Ag,H)N03·HzO . w1 ~ -0.89, (b1/bz) = 1.2 for 
(Lr,K)NO'l·HzO. \Vater rs_ component 1 and the salt 
component 2. 111e calculated curves based on 
equation (l) are compared with the experimental 
data in Fig. 2 where it is apparent that the agree
ment is excellent. 

The molal volume ratio for (Ag, T£) N03-I-IzO is 
0.82 compared to (bl/bz) 0.50 while for (Li,K) 
~03·HzO the volume ratio is 0.87 compared to 1.2. 
Thus (bl/bz) does not follow the volwne ratio very 
closely. 

'D1is treatment of very concentrated electrolytes 
in a manner analogous to that of nonelectrolytes 
seems to me to be the simplest and most useful 
initial approach, but it has not been used to the 
writer's knowledge. i\ favorite method has been 
the use of the Bnmauer·· r~mnett-Teller adsorption 
isotherm as proposed by Stokes and Robinson.6 
Equation (l) fits the data better, especially at 
X] > 0.6. 

Although . (l) gives a remarkably accurate 
representation over most of the composition range 
of the activity of water in a water-fused salt 
system, it becomes somewhat inaccurate for dilute 
solutions in \vater and it does not include the 
Debye-I!Uckel limiting lmv. Clearly electrostatic 
forces cause a from a random distribution 
of ions which may be nearly constant over most of 
the composition range except in the limit of infi
nite dilution. I Iowever, the shift to a random 
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Fig. 2. Comparison of the experimental activity 
of water with that calculated from Eq. (1). 

(XBL 802-8358) 

distribution in the limit of zero solute concen
tration can be included by adding a Debye-l!Uckel 
termtoEq. (1). 

J,;ew definitions are required for the use of mole 
fractions in electrolyte thermodynamics and Debye
I-liickel equations. T11ereafter, equations are ob
tained combining Debye-HUckel tenns with . (1). 
The resulting fits to e.:qJcrimental data are shmvn 
on Figs. 3 and 4 which also include the electrical 
(D-H) contributions to the activity coefficients 
and the total activity coefficients of each com
ponent. Details and numerical parameters are given 
in the full report (LBL-9708). 

~lost apparent on Figs. 3 and 4 is the large 
electrostatic effect for Y+ as compared to the 
small effect for Y1 in the-region of dilute aqueous 
solution. Thus, without the guidance from Debye
Hiickel theory, one would not obtain even approxi-

correct curves for the activity of the salt 
on the infinitely dilute standard state. However, 
on the fused salt standard state, where Y,. ~ 1 at 
x2 ~ 1, the major portion of the curve for Y., 
1s reasonably well defined by the experiments on 
water activity with the simple equations of the 
non-electrolyte tYJJe. The postulate mentioned 
above, that the departure from random distribution 
of ions is roughly constant from concentrated solu-
tions through to the pure , is supported 
by the relative constancy over that range 
of composition. 

* -~ * 
tBrief version of LBL-9708. 
1. C. A. Kraus, J. Am. Chem. Soc. 58 673 (1954). 
2. T. B. Tripp and J. Bratmstein, Am. Chem. Soc. 
73, 1984 (1954). 
3:"' I-I. Brcnmstein and J. Brmmstein, J. Chem. 
Thennodynamics ~. 419 (1971). 
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for the system (Li,K)N03-H20 at 100°C. It 

is a numerical accident that the curves for 
based on the pure liquid or the infinitely 
standard states are indistinguishable on the scale 
of the graph. (:\'TIL 802 8359) 
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the system (Ag,H)N03-rr2o at 98°C. 
curves g1 ve Y ± on the pure l1qtnd 
state (above) and the infinitely dilute 
state (below). (A13L 802-8360) 
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RESEARCH PL\NS FOR C\LE.\JDAR YEAR 1980 

The improved method des-
cribecl above 1vi.1l be incorporated into our rela-
tivistic program for the quantwn of 
molecules heavy atoms. Also we e.Avect 
to extend this program to allow multi 
tion calculations; this is needed for the satis 

calculation of dissociation energies in 
most cases. Co11aborati.on with the IBM Labora· 
torics (San Jose) in all-electron relativistic 
calculations will continue. With these improved 
methods, calculations can be made for 
a nwnber of molecules. One example 

arc experimentally essen
is only an upper limit for 

T~ 2 is of particular 
, in connection with 

experiments examining parity non
conservation for the TS atom. The molecules 

, and are all of interest \vi th regard 
in chemical bonding as relativistic 

become substantial. 

An program will be initiated to 
measure thennodynam:i.c properties of extremely 
concentrated aqueous electrolytes 
tems continuously miscible from the fused 
to the dilute solution. We to measure the 
vapor pressure of water above such solutions 1n 
the temperature range 100-175°C. Salt 
can then be calculated from the Gi.bbs-Duhem 

Simultaneously, the theoretical 
treatment in 1979 will be extended to a 
more fundamental level if possible. 'l11ese extreme
ly concentrated systems have received very little 
attention, hence their exploration is of 
scienbfic interest. Also are 
to the behavior of brines geological 
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or industrial Related aqueous electro-
research :for systems o:f more moderate concen

tration 1vil1 continue with support from the Geo
science program at LBL. 
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e. Chemical Dynamics Studies* 

Bruce H. Mahan, Investigator 

1. LASER INDUCED FLUORESCENCE STUDIES OF MOLECULAR 
IONs·'· 

+ F. Grieman,·• B. H. Mahan, and A. O'Keefe 

We have completed spectroscopic studies on 
several gas phase molecular ions using a recently 
developed technique which allows us to mass se
lectively store ions under collision free condi
tions for periods of milliseconds. We have 
completed the analysis of selected electronic 
transltions in both the l,3i5-trifluorobenzene 
cation and the BrCN cation. 

Ions are formed within a three dimensional RF 
quadrupole trap by electron impact ionization of 
parent neutral molecules maintained at a pressure 
of ~ 5 x lo-5 Torr. The trap may be tuned to con
fine ions of a given charge to mass ratio for 
periods of several milliseconds. The ions are 
then studied using laser induced fluorescence. 
Resulting spectra are stored in a PDP-8 computer 
interfaced to the detection electronics. 

a. The B Az" - X E" Band System of 1,3,5-
Trifluorobenzene Cation. 

In an attempt to resolve the controversy con
cerning the nw1Jber of bands in the photoelectron 
spectrum of benzene and the ordering of its molecu
lar orbitals, the PE spectra of many fluoro
substituted benzenes have been obtained by several 
groups. TI1e B-X transition in several fluoro
benzene cations, which appears in the visible 
wavelength region, has been obtained in emission 
studies by Maier and co-workers2 but complete 
analysis was not possible due to the complexity 
of the spectra. TI1is prompted our study of the 
1,3,5-trifluorobenzene cation using laser induced 
fluorescence (LIF). The two most significant 
advantages to be found in this approach are the 
high resolution associated with optical spectros
copy and the likelihood of an easily analyzed 
spectrum, consisting of only a few vibrational 
progressions. 

The LIF studies were carried out over a wave
length region spanning 1000 A, from 4000 A - 5000 A. 
The spectrum we observed for this transition is 
reproduced in Fig. 1. We find a series of bands 
on top of a pseudocontinuum. The assignment of 
the og (vibrationless) peak is made by comparison 
with existing PE and is cletennined to be 
21830 cm-l ± 10 The WlCertainty in the peak 
positions is due primarily to the extensive overlap 
of the bands. All other observed peak positions 
are given in Table l relative to the 08 position. 
Irregularity in the progressions is believed to 
be caused by strong Jalm-Teller interaction. TI1e 

given are in good agreement with 
recently published flow tube studies by Bondybey, 
et al. 3 

* This work was supported by the Division of 
Chemical Sciences, Office of Basic Energy 
Sciences, U. S. Department of Energy. 
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Eig. 1. Fluorescence excitation spectrum of the 
B 2A" - X 2E" Band System of the 1,3,5-Trifluoro 
benzene cation. (XBL 799-7ll5) 

Table 1. 1,3,5-Trifluorobenzene cation vibrational 
assignments. 

-1 
t-.v(cm ) Assignment Symmetry Class 

- 535 v " (hot band) E' 6 

0 00 Al ' 0 

245 V9 ' E' 

484 v6 ' E' 

579 vl ' A1 
I 

769 V9 ' + v6' (?) A1 ' & E' 

988 zv 6 ' (v1z') Al ' & E' (A ') 1 

1496 v7 ' (v 8 '?) E' (E') 

2008 2vl2 ' (4v 6 •) A1 ' (A1 ' + E') 



b. TI1e D - X Band System of BrCN Cation 

From the band separation in the photoelrcctron 
spectrum of BrCN obtained in 1970,4 the B-X 
electronic transition in the molecular ion Drl'N+ 
was found to lie in the visible wavelength range. 
Emission stuchesS were unsuccessful in providing 

of vibrational or of 
the spin orbit in the B 

state. A stuclv of this svstem our LIF 
system6 has re~ulted in the vibrational assignment 
(although strong Fenni interact ion is apparent) 
and cletcnnination of the spin orbit splitting. 

re::;ulting spectrum is shmm in Fig. 2. TI1e 
and 13 states arc found to belong to Hr;cl's 

(a), and so the transition consists of n312 
and 2n112 - components. Examination of the 
spectnun a of each bcmd into 
two sub bands. TI1is along wi.th the 
irregular progression and orbit splitting, 
has been observed in other triatomics and 
has been attributed to a Fenni resonance. In the 
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present case we believe this to be clue to interac
tion bet1v·ccn the vibrational levels (v1 , vz, v3) 
and (vl, v2+2, v3-l) which are of the same synunetry. 

Assignments of the bands are made in Table 2. 
These assignments are based upon the og band seen 
in the PE spectra as thi.s band was not observed 
in the present work. Values given are band center 
frequencies. 

From these values a mean frequency of 441 ± 18 
cm-1 is obtained for V* (= V3' + 112 v2•). Because 
no bands unaffected by Fenni resonance were 
observed, no estDnate of the nllgnitude of this 
effect can be made. In Fig. 2 the two different 
components involved in the most intense V* band 
are connected by lines labeled a and B. The 
frequency difference between the subbands of a 
spin orbit doublet pair is an approximation to 
the difference in spin-orbit coupling constants M. 
111e average of our most accurate 1'1A values gives 
M of -280 on-1. 

Table 2. B 
-· 2 + 

I1 subband heads for DrCN . All transitions are from 
the (0,0,0) level of the X state. v* = (v3' + 112 V2'). The different 
fermi resonance components are 

Zn 2n 
11

1 I 2 
- Jtll2 

- - l 
v(cm ) 

v* a 

4 20205 20275 
( 4 2 6) ( 4 4 g) 

5 20631 20724 
( 4 50) 

6 21174 
(466) 

7 21592-t- 21640 
(449) ( 4 81) 

8 2204lt 22121 
( 4 4 3) (447) 

9 2 2 4 84 22568 
( 4 3 8) ( 4 4 7) 

10 22922-t- 2301St 
(441) 

11 23363-t-
( 4 0 7) 

12 23770-t-
(432) 

13 24202 

t 

represented by a, and B. 

2 2 
!131 2 - !13 I 2 

- -1 v(cm ) 

20482 
( 4 55) 

2 0 9 3 7 
( 4 so) 

21387 
(421) 

21808 
(442) 

22250 
( 4 3 3) 

22683 
(424) 

23107 
( 4 41) 

23548t 
( 416) 

2 3964 
( 4 4 3) 

24407 

20537 
( 4 6 3) 6v* 

21000 
(466) 6v* 

21466 
(402) 6v* 

21868 
(454) 6V* 

22322-t-
( 4 31) 6v* 

22753 
( 4 34) 6 v* 

2 318 7 
6 v* 

6v* 

6v* 

-1 
:~; 20 em The uncertainty in these frequencies is 

All of the others are < + 10 cm-1, Note that 
cies have not been cor~e~ted to vacuum. 

these frequen-



+ 
Fig. 2. Fluorescence excitation spectrum of BrCN : 

B - X 2rr band system. (XBL 799-7116) 

* * * 

tBrief version of LBL-10021. 
tcurrent address: Department of Physics, 
University of Oregon, Eugene, OR 97403. 

1. F. J. Grieman, Ph.D. thesis, LBL-10021. 
2. M. Allan and J. P. Maier, Chern. Phys. Lett. 
34 442 (1975). 

V. E. Bondybey and T. A. Miller, J. Chern. Phys. 
70(1), 138 (1979). 
~ R. F. Lake and Sir H. Thompson, Proc. Roy. 
Soc. Lond. A. 317, 187 (1970). 
5. M. Allan ana-J. P. Maier, Chern. Phys. Lett. 
41 231 (1976). 

F. J. Grieman, B. H. Mahan, and A. O'Keefe, 
to appear in J. Chern. Phys. 

2. 
+ + 

DYNA!v!ICS OF C02 -D2 COLLISIONS' 

S. G. Hansen and B. H. Mahan 

Work has been completed on the reactions 
COz + (Dz ,D) DCOz + and COz + (Hz ,OI-l) Hco+. Previous 
work in our groupl showed that the reaction 
COz+(Dz,D) DCOz+ proceeds by a direct mechanism 
at relative collision energies above 2.0 eV. Using 
our low energy crossed ion-molecular beam apparatus, 
we now have established2 that this reaction remains 
direct down to 0.27 eV. This is somewhat surpris
ing as the intermediate DzCOz+ lies 1. 7 eV below 
the products, and our previous workl demonstrated 
the importance of a long-lived collision complex 
in the reaction COz+(Dz,OD) Dco+. Figure 1 shows 
a typical final velocity vector distribution for 
DCOz+ formed by COz+-Dz collisions. The fonvard 
peaking indicates the predominance of a direct 
reaction channel; however, the lower intensity 
contours are more syrrm1etric about the ±90° line. 
The decay of a long-lived complex would yield 
symmetric contours, and hence the distribution 
in Fig. 1 can be explained in terms of a dominant 
direct reaction channel and weaker long-lived 
complex channel. 
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Fig. 1. A contour map of the specific intensity 
of DCO/ from cot -Dz collisions at an initial 
relative energy of 0.69 eV. The intensity maximum 
occurs near the spectator stripping velocity which 
is marked by a small cross. (XBL 799-7021) 
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Fig. 2. Plot of the integrated intensity of !!CO+ 
as a function of initial relative energy for the 
reaction COz+(Hz,OH)I-!CO+. Different symbols denote 
data taken on different runs. A smooth line is 
drawn through the data points. (XBL 799-7020) 

Our interest in the reaction COz + (l-Iz ,OI-l) HCO+ 
has been to measure its kinetic energy threshold. 
Because this reaction is exothennic, the existence 
of a barrier is surprising, as such barriers are 
rare in ion-molecule reactions. Data were ob
tained by directing COz+ beams of various energies 
through a scattering cell containing I-lz and 
measuring I-ICO+ velocity spectra in the direction 
of the ion beam. From the velocity spectra, con
tour maps were synthesized and integrated. Figure 
2 shows a plot of 1-!CO+ integrated.intensity vs. 
relative collision energy and yields a threshold 



of about l. 0 eV. Using D2, and measuring DC:o+ 
intensity, ::t similar value is obtained. In 
of this agreement, a note of caution is appropriate. 
The apparatus used Has to measure dif-
ferenti.al, not total cross sections. Also, varia
tions in detector transmission effici.ency can lead 
to systematic errors. We therefore report the 
threshold to be 1.0 ± 0.3 eV. 

version of LBL-9806. 
1. B. II. ~lahan, P. J. Schubart, J. 01em. Phys. 66, 
3155 (1977). 
2. S. G. Hansen and B. I I. Mahan, (Accepted by 
J. Chem. Phys.), LBL Report 119806. 

3. DYNAMICS OF N+ -H COLLISIONS 2 

S. G. Hansen and B. H. Mahan 

Previous work1 ' 2 in our laboratory on the reac
tion N+(H2,ll)NH+ in the low energy (O.S··Z.O eV) 
range has sh01vn several interesting points. 
Although there exists a well of~ 6 eV depth 
associated with the NH2+ intermediate, the reaction 
takes place via a direct interaction mechanism 
at energies above~ 1.5 eV. Below this energy the 
reactants sample the deep well, and products are 
seen to result from the decay of a long-lived 
complex. We have also detected the reaction of 
a metastable state (preswnably lD). This reaction 
remains direct d01m to a few tenths of an eV rela
tive collision energy. Recent work3 has concen
trated on studying the non-reactive scattering of 
W from Hz. Figure 1 shows a final velocity vector 
distribution for N+ scattered non-reactively from 
Hz at an initial relative energy of 1.42 eV. The 
scattering pattern is similar to that of other 
systems we have studied, Hith the exception of 
the prominent back-scattered peale This feature 
cannot be explained by impulsive scattering. Ther~
fore it results from the decay of a long-lived Mlz 
complex. A forward peak would also be 
so that there would be S)0mnetry about the ±90° 
line; however, it is obscured by the main beam. 
Since the reaction N+(Hz,H)GTH+ is nearly thermo
neutral, the non-reactive channel can effectively 
compete with the reactive channel in the breakup 
of the complex. Tl1ere is a large difference in 
the dynamics though, because in the non-reactive 
case the initial relative translational energy 
remains as translation whereas in the reactive 
case it is converted to internal energy of M-l+.l 
Ir. principle, non-reactive scattering may be a 
more sensitive means to detect a long-lived complex 
than reactive scattering. When direct reaction 
charmels open up, they tend to shift the scattering 
pattern, making long-lived complex evaluation 
difficult. Such complications do not exist in 
the interpretation of these non-reactive maps. 
Thus, the complete absence of a back-scattered 
peak in Fig. 2 indicates that at 2.5 eV long-lived 
complex formation is negligible in this system. 
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Fig. 1. A contour map of the specific intensity of 
N+ scattered non-reactively from Hz at an initial 
relative energy of 1.42 eV. TI1e Q=O circle is 
the theoretical locus of all elastic scattering 
events. (XBL 801-7821) 
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of N+ scattered non-reactively from Hz at an 
ini tia 1 relative energy of 2. 50 eV. (XBL 801-7820) 
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RESEARCH PLA!\JS FOR CALENDAR YEAR 1980 

We plan to continue work on the S+-Dz collision 
system and initiate work on the CF+-Dz system. 
Further U"'Veriments wi.ll involve studies of the 
electronic state distributions of F+ and s+ from 
various ion sources and implementation of a Wien 
filter to reduce the energy spread of the primary 
ion beam. 

+ 
We have begun studies on G! using our laser 

induced fluorescence teclmique. We plan to measure 
the radiative lifetimes for several vibronic 
transitions of the ion. Attempts will be made 
to measure the rotational and vibrational state 
distributions of o-r+ formed in the reaction 
c+ + l-Iz + CI-I+ + H and the analogous Dz reaction. 
In addition we plan to continue spectroscopic 
studies on other small ions such as NI-lz + and Cl-!z + 
which are of importance in astrophysical and 
combustion processes. 

1979 PUBLICATIONS AND REPORTS 
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of Low Atomic and Molecular Collision Processes* 

William H. Miller, investigator 

1. CU\SSICi\L HODEL FOR TilE ELECTRONIC DEGP.EES OF 
FREED00! IN :10N-i\DIJ\BATIC COLLISION PROCESSEsii 

1!. D. illeyer§ and W. H. ;,]iller 

We have shoMl. in several recent papersl, 2 h01v 
the electron states in an electroni-
cally non-adiabatic- collision process can be re
placed by a classical degree of freedom. This is 
importcmt when treating molecular collision systems 
(as opposed to the collision of two atoms) since it 
means that the electronic degrees of freedom can be 
treated on a footing dynamically equivalent to the 
rotational and vibrational (and translational) de
grees of freedom. It has been noted3 that models 
which do not treat electronic and heavy particle 
degrees of freedom on a dynamically equivalent foot
ing will fail to describe certain features of the 
process 

For the simplest case of two electronic states, 
for what the quantum mechanical matrix representa
tion of the Hamiltonian is 

the classical Hamiltonian which our theory deter
mines isl,Z 

(1) 

( 2) 

where (n,q) are the classical action-angle var·· 
iables for the (collective) electronic degrees of 
freedom. To test how this classical 
Hamiltonian models the two-state dynamics, we have 
considered the case of a general time-dependent 
two-state system, i.e., the matrix elements of 
Eq. (1) become ftmctions of time, !~1 n•(t), n,n' 
0, 1. The 0 + l transition probability is then 
calculated classically, using the classical Hamil
tonian of Eq. (2) , and compared to the correct 
quanttun mechanical transition probability (obtained 
by solving the time-dependent Schroclinger equation 
with the Hamiltonian of Eq. (1)). 

Figure 1 shows the results obtained at various 
levels of approximation. ('l11ese comparisons are 
tmi versal, i. c. , they pertain to any, and all, two 

'i: 

This work was supported by the Division of 
Chemical Sciences, Office of Basic Energy 
Sciences, U.S. Department of 
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Fig. 1. Electronic transition probability for the 
two-state model, as a function of the parameter p. 
The correct quantum mechanical transition probabil
ity is the solid line (---) Pz+l = p, and the 
results of the primitive classical (-, _ _,), quasi
classical (---),and uniform semiclassical (····) 
models are shown. (XBL 78ll-13175) 

state systems~) The solid curve is the correct 
quantum mechanical transition problem, and one sees 
that even the relatively primitive "quasiclassical" 
model gives reasonably good results, never being in 
error more than ~10-20% over the whole range of 
transition probabilities; this would be quite 
adequate for classical Monte Carlo simulations of 
the collision process. The "semiclassical" results 
are seen to be in essentially quantitative agree
ment (a few percent error) with the quantum mechan
ical results. 

A more interesting application, and the one that 
originally motivated this line of research, is the 
quen.ching of the excited fine structure state of 
fluorine atoms, F(2Pl/z), by collision within Hz: 

(3) 

]1le question of whether or not this reaction has a 
significant cross section has been of considerable 
interest in relation to the chemical reaction 
F + _, llF + l-1, which ptunps the HF chemical laser. 

Early theoretical treatments suggested that the 
cross section for reaction (3) is small, <1 ft.2, and 
F* thus essentially non-reactive, but a more recent 
tour de force quantum mechanical coupled channel 



calculation4 obtained a large value, >10 These 
latter calculations showed that the quenching cross 
section is large because H2 undergoes a simulta
neous 0 + 2 rotational excitation. The earlier 
theoretical models were w1able to describe this 
resonance effect and thus failed to obtain a large 
quenching cross section. 

The F + Hz system involves three electronic 
states, for which the quantum mechanical electronic 
Hamiltonian matrix is4 

H 
el2, (

H 

0 

0 

XX 
, 0 

H 
YY 

H 
zy 

'~ ) 
yz 

H 
zz 

and the classical electronic Hamiltonian corres
ponding to this is 

HCL(m,q) 

1/2 

3/2 

2 2 1 
(1-m )H

22 
+ m -

2 
(H +H ) 

XX yy 

- 2mj]:m2- H sinq 
yz 

2 1 2 
- (1-m ) 

2 
(H -H ) cos q 

zz yy 

N 

" · .. 
. ·. " · .. 

(4) 

(5) 

· .. \ · .. 
. · .. " . 

2~~~~~~~~~~~~~~~~~ 

Fig. 2. Contour plot of the distinction of final 
(j ,N)-values resulting from the classical trajec
tory calculation with (j1,N1) = (1/2,0) and energy 
E = 10 meV. The dashed line is the "resonance 
line" t:p(j) + E!-Iz (N) = 0, and the dotted lines 
correspond to 10 meV increments off resonance. 
The points are the locations of the discrete 
quantum values of j and N. No classical trajec
tories give (j,N)-values outside the largest 
contour (solid line). (XBL 795-9569) 
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Fig. 3. Cross sections for quenching of F*(2Pl/z) 
by non-rotating (i.e., N1 = O) , as a ftmction 
of initial translational energy The solid 
curves are the quantum mechanical results of Ref. 
4, and the points are the results of the 
classical trajectory calculation (with :Vlonte Carlo 
error estimates indicated). Note the break in the 
scale. (XBL 795-9567) 

For the initial rotational quantum number of 
Hz N=O and F(2Pj) initially in the excited state 
j = 1/2, . 2 shows the distribution of final 
values of and j resulting from a Monte Carlo 
classical trajectory calculation using the above 
classical electronic Hamiltonian. TI1e clashed 
line is the curve of exact resonance, i.e. , zero 
translation energy transfer, and one sees that 
the contours of the distribution obtained from the 
trajectory calculation peak along this resonance 
curve. It is clear that the nearly resonant 
transition, final (N,j) = (2, 3/2), will have a 
large cross section, while the non--resonant quench
ing ofF*, final (N,j) = (0, 3/2) will have a 
smaller cross section. Figure 3 these cross 
sections as a fw1etion of translational energy, 
which indeed corroborate these ideas. 

* ..... * 
.L 

'Brief version from J. Chem. Phys. 70, 3214 (1979) 
.and 71, 2156 (1979). 
'rAn calculations were carried out on a Harris 
Slash Four minicomputer funded by·a National 
Science Foundation Grant CHE 7622621. 
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2. EFFECT OF TU!\lNEL ING ON UNilllOLECULAR Rf\TE 
CONSTANTS, WITH APPLICATION TO FORMI\LDE!IYDEI'f 

W. H. iV!iller 

The effect of twmeling on thennally averaged 
bimolecular rate constants of chemical reactions 
has received considerable attention ,1 primarily 
within the framework of transition state theory, 
but there has been little discussion of such 
effects in unimolecular reactions. One reason for 
this is that unimolecular reactions have tradi
tionally been studied w1cler less well-defined 
conditi~ns than bimolecular reactions, and correc
tions clue to twmeling arc thus obscured. Modern 
eA1)erimcntal tedmiques involving laser cxci tat ion 
and/or molecular beam methods, however, are making 
it possible to monitor the tmimolecular dynamics 
under collisionless conditions, and it is thus 
interesting to consider the effects of twmeling on 
the rates of such processes. Furthennore, it turns 
out that twmeling has a qualitatively more signif
icant effect on the tmimolecular rate constant of 
isolated molecules than on thermally averaged bi
molecular rate constants. ·n1is is particularly 
evident with regard to experiments by C. B. Moore 
and co-workers2 on the photodissociation of 
fonnaldehydc, an example discussed below. 

Within the framework of transition state theory, 
the microcanonical (i.e., fixed energy) rate con· 
stant for w1imolccular reaction of an isolated 
molecule is gi von by the standard RRKlvi eA11rcssion ,l 

k(E) 
N(E) 

21rll--PTE-f 
( l) 

Hhere N(E) is the integral density of states of the 
activated complex, 

N(E) 
cl L h(E-t:') 
n 

n 

and p(E) is the density of states of the stable 
molecule, 

p(E) =L:o(E-E) 
n 

n· 

is the usual delta function, h(E-

step function, 

the 

(2) 

(3) 
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--{l,x>O 
h (x) 

0, X < 0 
(4) 

and and t:n are the energy levels of the activa-

ted complex a~cl the stable molecule, respectively. 
Within the approximation that the reaction coordi
nate is separable from the other cltogrees of free
dom, tunneling modifies Eq. (1) by3 replacing the 
step function h of Eq. (2) by the turmeling prob
ability P, 

* h(E-E ) ->-
n * P (E-f: ) 

n 
(5) 

P(E1) is the one-dimensional twmeling probability 
for motion along the reaction coordinate, as a func
tion of the energy E1 in that degree of freedom. 

For zero total angular momcntwn the energy 
levels t:h are usually approximated by a hannonic 

oscillat~r ex~ression, 

s-1 

L: 
i=l 

where Vo is the barrier height, {w1} the vibra
tional frequencies of the activated complex, and 
s = 3N-6 (N =number of atoms in the molecule). 
Neglecting twmeling,~the rate k(E) is zero for 
energies E less than v0, the "zero-point energy 
adjusted" barrier height Vo, 

s-1 

L: 
i=l 

whereas inclusion of twmeling allows a non-zero 
rate for E < Vo. 

(6) 

(7) 

H. F. Schaefer and co-workers 4 have carried out 
extensive quantwn mechanical calculations for the 
ground electronic state of formaldehyde, determin
ing all the parameters necessary for calculating 
the rate of decomposition of fonnaldehyde to molec
ular species, 

(8) 

It was ~bore's observations2 that reaction (8) 
appeared to take place at energies significantly 
below Vo with rates k ~ 106 secl which initially 
suggested that twmcling might be involved in this 
reaction. 

Figure 1 shoiVs the schematic potential energy 
surface for reaction (8) with the energetics as 
determined by Schaefer et al. ,4 and the rate 
constant as a function of energy E, as calculated 
from the above expressions, is shmvn in Fig. 2. 
TI1c dashed curve is the classical result without 
twm~ling, and this rate constant goes to zero at 
E = Vo. The solid curve is the result which in
cludes twmeling. The energy corresponding to the 
Moore et al. , 's experiments is ~96 kcal/mole, and 
Fig. 2 indicates that twmeling can indeed produce 
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Fig. l. Schematic of the potential energy surface 
for the ground electronic state (So) of formalde
hyde. Units of energy are kcal/mole, and the 
values shmm are from the work in reference 4. 

(XBL 791-8083) 
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. 2. Unimolecular rate constant for the reac
tion indicated, as a function of total energy, for 
total angular momentum J = 0. The broken curve 
is the classical rate, computed from Eqs. (1)-(4), 
and the solid curve is the result of including 
twmeling via the modification indicated by Eq. (5). 

- (XBL 794-9378) 

rates of ~106 secl even for energies 5-10 kcal/ 
mole below Vo. 

Although the simple theoretical model used above 
can be in considerable error in the "deep tunneling" 
region, the qualitative conclusion should still be 
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valid, namely that tunneling is a significant fea
ture in the collisionless photochemistry of formal
dehyde. 

Brief version of LBL-8649; J. Am. Chem. Soc. 101, 
6810 (1979) . 
h\11 calculations were carried out on a Harris 
Slash Four minicomputer funded by a National 
Science Foundation Grant CHE-7622621. 
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3. REACTION PATH HAMILTONIAN FOR POLYA1UIIC: 
MOLECULEs!· 

W. H. Miller, N. C. Handy'!' and J. E. Adams 

A rigorous treatment of the reaction clynaJnics of 
polyatomic systems is severely complicated by the 
nwnber of degrees of freedom which are involved in 
the description. Since the potential energy sur
face for a N-atom system depends on 3N-6 coordi
nates, the complete detennination of the potential 
surface, for example, would require tha~ it be 
calculated at ~lo3N-6 pomts. for N > 5 one 
inunediately sees that it is out of the question to 
imagine that one 1vill normally have available this 
amount of in[ormation. 

It is possible, however, for quantwn chemists to 
carry out usefully accurate calculations for poly
atomic (N > 3) systems, simply not the enormous 
nwnber of such calculations necessary to map out 
the complete potential surface in the (3N-6)
dimensional con[i~oJUration space. A technique which 
has recently proved useful involves calculations of 
the potential at a sequence of points along the 
reaction path, the curve of steepest descent [lf 
mass-1veighted cartesian coordinates are used) from 
a saddle point on the potential surface to various 
local minima. We have sho1Vn that it is possible 
to define a set of (3N-7) normal coordinates {Qk}, 
1<:=1, ... , 3N-7), which describe vibrations ortho
gonal to the reaction path. In terms of the 3N-6 
internal coordinates (s, {Qk}, k=l, ... , 3N-7)--
1vhere s is the arc length along the reaction path 
--the potential energy is approximated by 

3N-7 
+ l ( )2 2 2 wk 8 Qk (l) 



where Vo(s) is the potential on the reaction path 
and {wk(s)} are the nonnal frequencies for vibra
tion in the hyper-plane orthogonal to the reaction 
path. The potential is thus approximated as a 
"harmonic valley" about the reaction path. 

The more difficult task is to eA1)ress the kinetic 
energy in terms of the coordinates (s,{Q](}) and 
their conjugate momenta CPs, {P](}, k = l, ... , 3;\J
We have clone this, hO\vever, and the complete 
cal Hamiltonian for the case of zero total angular 
momentum is given by 

H ( p , s, {P
1 

, Ql } ) 
s ~ ( 

+ 

3N-7 
2 L QlPl ,Bl l' (s)] 

k 'k 1 ;:::J ( z () <. 
(2) 

[1 + 

where the coupling elements {Bk k' (s)} are defined 
explicitly in terms of properti~s of the reaction 
path. The coupling elements in the numerator of 
the last term i.n Eq. (2) are coriolis couplings 
between different vibrational modes k and l<' wlncl1 
are induced because the vibrational modes change 
with s; i.e., the vibrational modes can wind about 
the reaction path. The couplings in the denomina
tor are the direct coupling between the vibration
al mode k and the reaction coordinate ("mode" 
3N-6) which are due to the curvature of the reac
tion path. 

The important point is that all of the quantities 
necessary to determine the Hamiltonian in Eq. (2)-
V0(s), {wk(s)}, and {Bk k'(s)}--are generated by a 
relatively modest number c~lo2) of calculations 
of the potential surface. With this Hamiltonian 
one can then begin to describe the dynamics of the 
reacting system. One may wish to compute the full 
classical trajectories of the system from this 
Hamiltonian, or simpler dynamical models may be 
investigated. For exmnple, since some vibrational 
modes 1vill be only weakly coupled to the reaction 
coordinate, one e;.,.vects that the oscillator part 
of the !-lmniltonian can be partitioned into "active" 
and "passive" modes, and the passive modes effec
tively eliminated from the problem. 

Some applications of this reaction path Hamil
tonian to tunneling effects through the saddle 
point region of the potential surface have already 
been made, with encouraging results, and this and 
other applications are being pursued. 

i-Brief version of J. Chem. Phys. 72, 99 (1980). 
+sabbatical visitor. Present address: Department 
of Physical Chemistry, University Chemical Labora
tories, Cambridge, England. 
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4. UNIFIED rv!ODEL fOR DIFFRi\CTI\n: AND INT'LASTIC 
SCATTERING OF i\ LIGHT' ATO~I FROlll 1\ SOLID SURFACE!-

J. E. Adams and lV. H. :\Iiller 

Scattering of gas atoms from 
usually described as either (1) 
rigid surface, whereby 
process of interest, or (2) 

solid surfaces is 
from a 

diffraction is the 
a flat 

but moveable surface, whereby 
between the gas atom and the ---~=-
Our motivation in this work is to construct a 
theoretical model capable of describing both 
diffraction and energy transfer in a 
frmne\Vork but one also simple enough 
essentially analytic solution. 

an 

The theoretical model which accomplishes this is 
the sudden approximation. The quantity of Lnterest 

I(i\l~-~ tf-<-ltj) for the gas atom 
from the initial (or 

to final wavevector with a change 
of energy L'IE := ii2kf2/Zm- h2ki2/zm. The formally 
exact expression for I is · 

I(L'IE, 
e 

Q 

+ o(i\E + .k (1) 

~Vhere n refers to all the phonon quantun numbers of 
the surface atoms and S is the S-matrix for the 
scattering 
tion, and 
for notational 

Within the sudden approxima
asstmling a one-dimensional surface 
simplicity, S is given by 

·k 
<P (q) (q) 

~ ::2 ~ 

+ e e 

1Vhere <Pn are the oscillator \Vavef\mctions of the 
phonons~and Z(x;q) is the surface contour (which 
depends not only~on x, the distance along the 
surface, but also on the configuration of the 
surface atoms). Z(x;q) is in general energy 
dependent since it is~the root of the equatLon 

V(x,z,q) E ' 

1vhere V is the interaction potential betHeen the 
surface ancl gas atoms. 

(2) 

(3) 

If the surface contour 
the phonon coordinates 
manipulations the 
expressed as 

Z(x;q) is linearized in 
then'after considerable 

intensity can be 



I (LIE, 

+ 

-] 
(2Trh) · 

') 

[Z(x)-Z(x')J 
x e C(x,x'; t) , (L;) 

Hhcre Z(x) co Z(x;O) is the undistorted surface 
contour, and the coordinate-dependent correlation 
function C is by 

C(x,x';t) ~ exp[-H(x)··-H(x') + I~H(x,x' :t)] , ( 5) 

where \V(x) Ls a coordinate-dependent Debye-\Valler 
factor, 

H(x) 1_ ilk 
2 L: <q. 

2 z . -J 
.l 

c;. (x) 
J 

and LIW the non-separable term 

2 
1.,. (x) 

J 

LIIV(x,x';t) ilk 
2 

z 
2 

<q. > L;.(x) i;.(x') 
J J J 

+ [cos(w. t)-i tanh 
J 

t) l 

(6) 

(7) 

( 8) 

It is the t:ime-depenclence of 1~W that gives rise 
to inelastic processes. This is to see by 
expanding the exponential factor in . (5) which 
involves L1W: 

1'-\v 
e 

1 2 
1 + LIH + 2 /\,\V + ... (9) 

]l1e intensity is then a sum of terms related to the 
pmver of LIW in the e)qJansion: 

I (LIE (10) 

Io is clastic scattering, and one can show that it 
becomes 

(ll) 
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where N is the number of surface atoms, and P9" is 
the probability of diffraction of order £, 
including the Debye-Waller factor: 

a -i!~k x 
a 1 clx e-\v(x) e x 

(x) 2 

I (12) 

11 is the contribution from l-phonon processes, Iz 
that from 2-phonon processes, etc. 

By assuming the particular 

V(x, z,q) e 
-y(z-z.) 

J 

model, 

(13) 

where (xj,Zj) co qi are the instantaneous posltlOns 
of the surface atoms, we are able to obtain simple 
explicit expressions for the elastic (diffractive) 
and inelastic scattering. The elastic scattering 
is given by Eq. (ll) with 

where J9" is the usual Bessel function, and 

y 

2 2 
-TT I cw 

e 

and the 1-phonon contribution to the inelastic 
scattering is 

twcl B 
+ cS(LIE+hw ) [l+tanh(-2~)]} 

z 2 

2 

X l ilk 
2 

<q 
2
> L P n e 

2 z z £ lv 

(14) 

(15) 

(16) 

(17) 

The basic result, therefore, is elastic diffraction, 
Hhich produces delta-function peaks whenever 1'-kx 
is equal to a reciprocal lattice vector, although 
the intensities of these are attenuated by 
De bye-Waller factors. structure is augmented 
by inelastic lobes on either side of a diffraction 
peak, the "line shape" of these lobes being gauss 
ian about the values of ilkx detennined by the 
diffraction condition. Note that the relative 



to Io, 1/2 <qz2>, and the 
of the gauss ian line shape of I 1, 

extract the Debye-

* * * 

version of Surface Sci. 85, 77 (1979). 

5. ON Tfil~ QWI,\!TlJ:Il JIOC!L\;\!ICAL D!PLICJ\TIONS OF 
CLASSICAL ERGODICI'JYi 

R. 1\l. Stratt, N. C. Handy and \V. H. Jlliller 

For some time i_t that 
classical mechanics essentially 

like behavior in systems with just a few 
degrees of freedom. Thus it is possible to under-
stand, at least, how purely determini.s-
tic dynamics can to statistical behavior. 
It has not been clear, however, how this classical 
behavior ,,•ill manifest it quantum mechanically. 
TI1is has considered several ways of charac-

quanttun systems Hith regard to their 
regular (i.e., separable-like) or ergodic behavior. 

One of the most revealing of these methods of 
characterization is the nodal structure of the 
wavefw1Ction. The model Hamiltonian considered is 
that of two coupled anharmonic oscillators, the 
Casati- Ford Hamiltonian, 

H(p ,p ,x,y) 
X y 

which for small x and y is harmonic about x = y = 0. 
For mx = my the system is rigorously separable and 
thus has regular, intersecting nodal lines. For 

STATE INTEGRABLE NONINTEGRABLE 

[] 
2 

3 

Fig. 1. Nodal plots of 1, 2, and 3 of 
the Casati Ford Hamiltonian 1vith equal masses 
(classically integrable) and with unequal masses 
(nonintegrable) . The square boundary is arbitrary. 

(XBL 795-9725) 
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STATE INTEGRABLE NON INTEGRABLE 

10 

II 

12 

Fig. 2. Nodal plots of Casati-Ford eigenstates 10, 
11, and 12. (XBL 795-9728) 

mx f mx, however, the system is non-separable and 
the nodal structure need not remain intact. Never
theless, for some states the nodal structure does 
remain intact, with only distortions, even for the 
non-separable case mx f my. 1 shows some 
examples of these. States with energy, how-
ever, do show the expected break--up of nodal struc
tures for the case mx f my, cf. Fig. 2. Further
more, the energy at which the nodal structure 
appears to change most significantly is roughly the 
same as the energy at which the classical mechanics 
changes from regular to ergodic. 

Characterization of states by their nodal struc
ture thus gives a picture that is qualitatively 
consistent with the character of the classical 
mechanics of the system. Other methods of charac
terization which were explored were a natural orbi
tal analysis of the \vavefunctions and calculation 
of the power spectrum (the Fourier transfonnation 
of the dipole correlation function), and these 
lead to similar correspondences between the classi
cal and quantum character. lt appears, therefore, 
that the quantum mechanics of systems of coupled 
oscillators does parrot the classical mechanics 
with regard to · or ergodic character. 

-tBrief version of J. Chem. Phys. Zl_, 3311 (1979). 

RESEi-\RC!l PLru\!S FOR CALENDAR YEI\R 1980 

Twmeling Corrections to Jllicrocanonical Rate 
Constants. The d1scus-5lonrn--ii-:-rt:Lde .. 2 abcive sug
gests that twmeling may be a feature 
in the unimolecular decomposition of formaldehyde 
under collisionless conditions. 111e theoretical 
model used for these calculations, however, is 
rather primitive; to draw more quantitatively 
reliable conclusions one needs to treat the tlm
neling dynamics more 

The reaction path Hamiltonian model described in 
article 3 above provides a wa~J to do this. It has 



already been possible to construct a more rigorous 
(and accurate) 
using this 
accurate 

Plans are first to test the new theoretical 
models on the reaction 

I-INC I-!CN , 

for which Professor II. F. Schaefer and associates 
are carrying out the quantum chemistry calculations 
to provide the necessary for constructing 
the reaction Hamiltonian. Because the reaction 
primarily involves motion of a atom, tun-
neling corrections should be 

Studies of Mode-Specificity in Reaction Dynamics. 
There -ISmuch interestnowadays in the question of 
whether mode-specific laser excitation of molecules 
will cause mode-specific chemical reactions. For 
example, to what extent does the rate of a w1imo
locular reaction depend on the specific mode of the 
molecule that is excited. With regard to the reac
tion I-INC + HCN mentioned above, the question would 
be how the rate of isomerization depends on the 
mode of I-INC that is initially excited. 

It is also to approach this question 
using the reaction path Hamiltonian discussed in 
article 3. Most rigorously, one can compute 
(nwnerically) classical trajectories with this 
Hamiltonian, but it is also possible to construct 
simpler dynamical models based on thi.s fonn of 
!-!ami 1 toni an. 

Using the reaction path Hamiltonian, therefore, 
it is possible to address many aspects of the 
dynamics of polyatomic systems. 

Classical /vloclels of Electronic Degrees of 
Freeao111.-TI1ereare-sTllfsome-1nteresting theo
retical questions to be explored regarding the 
classical models for electronic degrees of free
dom discussed in article 1. Already, though, this 
approach is a powerful one that can be usefully 
applied to a variety of nonacliabatic collision 
processes. Work in both directions is plam1ecl. 
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g. Photoelectron Spectroscopy* 

David A. Shirley, Investigator 

Introduction. The main research theme in this 
program is electron spectroscopy, with emphasis 
on spectroscopic studies based on synchrotron 
radiation research in the 6-4000 eV range, sup
ported by research with laboratory sources. 
Emphasis is given to new types of experiments, 
based on new effects. The projects completed in 
1979 are naturally divided into two groups: 
(a) solid-state and surface research, and (b) gas
phase research. 'These are discussed separately 
below. 

Solid-State and Surface Research 

Overview. All of the projects reported below 
are basedon angle-resolved photoemission. Three 
angular distribution effects are involved. In 
article 1, condensed-phase photoelectron asynnnetry 
is described for the first time. Photoelectron 
diffraction, reported in 1978, is extended to mole
cules (article 2) and to new atomic systems 
(article 3). The remaining articles (5 through 8) 
deal with dispersion relations in solids and 
surfaces, including the first determination of 
a "complete" valence-band structure of metallic 
silver (article 6). 

1 . CONDENSED PHASE PHOTOELECTRON ASYMtvlETRY: A 
NEW EFFEcr·i· 

, ~ r T b. R. F. Davis, S. D. Kevan, B.-C. Lu, J. G. o 1n, 
and D. A. Shirley 

Large directional asymmetries were observed 
in photoelectron distributions from core and va
lence levels in metals and adsorbate atoms, with 
incident photon energies in the range 40 eV < hv< 
252 eV. Intensities varied by factors up to 25 
as the angle (o.) between A (vector potential of 
the photon field) and p (photoelectron momentum) 
was varied. TI1e energy dependence of asymmetry 
showed atomic behavior similar to that calculated 
for free atoms by Manson and coworkers,l,2 modified 
by a tendency for photoemission to occur parallel 
to A. 

According to Yang's theorem, 3 the general form 
of the photoelectron angular distributjon from 
a randomly oriented system excited by A via a 
dipole process is 

work was supported by the Division of 
Chemical Sciences, Office of Basic Energy 
Sciences, U. S. Department of Energy. All pro
jects except articles 4 and 8 under Solid State 
and Surface Research, and article 4 under Gas 
Phase Research were perfonnecl at the Stanford 
Synchrotron Radiation Laboratory, which is 
supported by the NSF Grant No. DJviR 77-27489, in 
cooperation with the Stanford Linear Accelerator 
Center. 
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where o is the angle--averaged photoionization 
cross-section, c is the photoelectron kinetic 
energy, and B(c) is tenned the asynm1etry parameter. 
Equation (1) has been shmvn to hold for free atoms; 
extensive calculations of B(c) for free atoms are 
now available, and a number of measurements have 
been made with rare-gas samples.l The extent to 
which Eq. (l) may be explicitly applicable to 
condensed phases is a question that has received 
little attention, and we have undertaken a compre
hensive study to elucidare this .important question. 

The angular dependence of clo/drl for each system 
was found to support the Pz (cos o.) fonn of Eq. (1) , 
but we chose to emphasize the energy dependence 
of B(c). Figure 1 shows o(c) and B(c) for the 
4s and valence-band (4d) shells of Ag, compared 
with theoretical values of these parameters for 
Xe calculated by Kennedy and Manson.2 The agree
ment is remarkable (experimental o values are on 
a relative scale). The 4s shows near maximlllll 
asynnnetry--i.e., 13 = 2--as expected from atomic 
theory on rather general grounds,l while the 4d 
peak shows the distinctive atomic character ex
pected for shells with Cooper minimal,4 in their 
photoionization cross-sections. TI1ese measurements, 
as well as results for Se(3d), Pt(4f), and Ag(4p) 
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1. Cross-section o(c) and asynnnetry param
eters B(c) for Ag 4s and 4d peaks (left) compared 
to theoretical values calculated for Xe by Kennedy 
and Manson (right). (XBL 797-2104) 



support our main conclusion that intellnediate- . 
energy photoemLssion in sol1ds shows B(c) behav10r 
with Cltomic cllilracter, modified by a tendency 
tmvarcl higher The latter result is 
consistent with plane-wavelike character 
i.n the conduction-band final state. 

Aside from its intrinsic interest, this 
nhenomenon has considerable implications for angle
'resolvecl photoemission experiments that make 
quantitative comparisons of peak intensities, and 
1t should be useful in orb1tal 
S)~llmetries and of photo-
emission lines. 

* * 

Brief version of LBL-9384; submitted for publica
tion in Chemical Physics Letters. 
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2. PHOTOELECTRON DIFFEACTION STUDIES OF CARBON 
MONOXIDE OVERLAYERS! 

S. D. Kevan, R. F. Davis, D. H. Rosenblatt, B.-C. 
Lu,'~ C. C. Parks, and D. A. Shirley 

111e of angle-resolved photoemission 
to surface structure cletennination has been the 
subject of several investigations in the past .. 
Here we report two new effects that are potentlal-

u~eful in such studies. Both involve measure
ments of adsorbate core level differential photo
emission cross-sections in the systems CO/Ni(OOl) 
and CO/Ni (111). 

TI1e first effect .is photoelectron diffraction, 
in which the photoelectron intensity of the carbon 
or OA)'gen ls level is measured nollllal. to the sur
face as a function of ki.netic energy 1 n. the range 
30 e\1 "( EK "( ZOO eV. This range attainable only 
Hith synchrotron is LEED range, 
and diffraction effects clue to scattenng of the 
final-state electron off the surface layer are 
expected. Such effects are easily measurable and 
have been shmm to be interpretab 1~ in telllls of 

1 2 a partlcular adsorbate reg1stry \Vl th the surface. ' 
The advantage of using photoelGctron dlffractJ.on 
in molecular svstems is first its nondamaging 
nature and SGc;ncl that the intensity of a particu
lar atom's core level is meosured so that a struc
ture cletGnni.nation of that species may be accom
plished i.nclependently. 

Data on the carbon 
are shmm in 
by1 Tong with 

site and clCNi' the 
the outermost nickel 
to 1.8 A. While the 

(ls) level in thG CO/Ni(OOl) 
1. Also shmm are calcu
CO positioned in the atop 

spacing between 

and the carbon layers, equal 
agreement in intensities is 
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Fig. l. Cross-section of the C(ls) level in the 
CO/Ni(OOl) system. Top: experimental. Bottom: 
theoretical curve calculated for the d-spacings 
shown. (XBL 79ll-13243A) 

fair at best, excellent correspondence of peak 
energies is observed. Previous results_on model 
systems have shown that such agreement lS typ1cal, 
and that agreement in peak energy pos1t1ons_1s 
sufficient for an accurate structure cletelllllna
tion.l,Z We conclude, in agreement with previous 
LEED and ELS studies for similar coverages, that 
the atop site is populated. 

A complete structure determination must await 
similar data on the O(ls) level. We have accwnu
lated data on both the C(ls) and O(ls) levels in 
the (2x2)CO/Ni(lll) system. These data are shown 
in Fig. 2. Structure detellllination 1s awaltmg 
theoretical treatment. 

TI1e second effect that may prove useful in sur
face structurG detellllination is seen in Fig. 2 
as a near-threshold resonance in the C(ls) cross
section. TI1e resonance is clearly not atomic-like, 
and shows several characteristics very similar 
to those predicted for a shape resonance for gas 
phase co.3 In part1cular, the vanat10n of the 
resonance intensity with electron ennss1on and 
photon polarization angles is significant: the 
intensity is maximized when the molecular ax1s, 
the photon polarization vector, and the outgo1ng 
electron momentum are aligned. This is exactl)' 
as predicted for the fixed molecule gas-phase 
differential photoemission cross-secti011. On the 
other hand the resonance energy is higher by 
~ 5 eV tha~ predicted, and in addition a similar 
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levels in the CO/Ni(lll) system. (XBL 7912-3933) 

resonance predicted to exist in the O(ls) cross
section is not observed. We conclude, therefore, 
that the resonance is closely related to the gas
phase shape resonance, but the presence of the 
surface does introduce some perturbation. In any 
case, the sharp angular features should allow 
interesting experiments to be perfonned concen1ing 
molecular bond axis orientation. 

* * * 

-!' Brief version of LBL-10024; to be submitted to 
*Physical Review Letters. 
'Pennanent address: INTEL Corporation, 3065 Bowers 
Avenue, Santa Clara, CA 95051. 
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3. Pf-IOTOELECrRON DIFFRACTION iV!EASURI:Nf:NTS Of 
SULFUR AND SELF:NilJ]Il ADSORBED ON Ni (001) 

S.D. Kevan, D. I-I. Rosenblatt, D. R. Denley, 
B. -C. Lu,'i' and !J. A. Shi_rley 

The technique of photoelectron diffraction, 
which we have recently shmvn to be capable of 
cletennining the structure of adsorbates on metal 
surfaces, l has been utilized to study su1 fur and 
selenium over layers on Ni (001). 2 Nonnal photo
electron diffraction (NPD) is sensitive to adsorb
ate registry through d1 , the spacing between the 
overlayer plane of atoms and the top substrate 
layer. The mechanism is a two-step process--there 
is first an atomic-like excitation followed by 
scattering in the final state that introduces 
oscillations in the photoelectron intensity as 
a function of energy. TI1ese oscillations are very 
large and can easily be distinguished from an 
atomic-like cross-section. 

These experiments were done on the 4° branch 
of Beam Line I at the Stanford Synchrotron Radiation 
Laboratory. The photoemission intensities of the 
Se(3d), Ni(3p), and Ni valence band for the 
p (2x2) Se over layer on Ni (001) were measured as 
functions of electron kinetic energy over the range 
90 eV ~ hv ~ 250 eV. TI1e results are shmvn in 
Fig. 1. Note that diffraction maxima occur at 
different energi.es on each curve. Both adsorbate 
and substrate levels show large NPD oscillations, 
including multiple scattering peaks. In addition, 
the peak positions and intensities of these curves 
do not seem to depend sensitively on the azimuthal 
or polar orientation of the photon polarization 
vector in the photon energy range we have studied. 

We have used the NPD curve for the Se(3d) core 
level to show that the selenitun atoms of a p(2x2)Se 
overlayer lie in the fourfold hollmv site on 
Ni(OOl) with a cl1 of 1.55 A. This result was 
detennined from the excellent agreement between 
the experimental NPD curve and the curve calculated 
by Li and Tong3 for cl1 = 1. 55 as shmvn in 
Fig. 2. Note the similarity the peak 
of the NPD curves and the LEED (00) I-V curve, 
although the intensities are quite different. TI1e 
system c(2x2)S-Ni(OOl) was also studied, and the 
sulfur atoms were found to lie in the fourfold 
hollow site, with a d1 of 1. 3 A, the same value 
reported from LEED and other photoemission 
analyses. As was the case for the Se(3d) level, 
the S(Zp) intensity-kinetic energy curve behaves 
like an atomic cross-section, modulated by photo
electron diffraction peaks. 

NPD can also be used to disordered adsorb-
ate systems. Disordered, low coverages of selenium 
on Ni(OOl) were found to give almost identical l\fPD 
curves as the c(2x2) overlayer, as shmm in Fig. 3. 
This result shows that the dominant scattering 
mechanism in NPD is off the substrate and not the 
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p (2 x 2) Se-Ni (001) 
Fig. l. Nonnal photoemission intensity versus 
kinetic energy curves for (a) Ni(3p), (b) Se(3d), 
(c) Ni valence band (VB) electrons from 
p(ZxZ)Se-Ni(OOl). (XBL 794-1374) 
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(XBL 794-1376) 

overlayer itself; othenvise, the effect in the 
di.sordered over layer would not be so large. Off
normal emission studies on ordered overlayers were 
also carried out. The resulting curves are rich 
in structure, but the intensity modulations are 
not nearly as pronounced off-nonnal as they are 
at normal emission. Careful theoretical analysis 
will be required to determine the extent to which 
these curves can provide structural infonnation. 

Fig. 2. NPD curve for Se(3d) electrons from 
p(2x2)Se-Ni(001), compared vith theoretical curve 
by Li and Tong, and LEED-beam curves by Demuth 
and Rhodin (Ref. 4). (XBL 
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4. !UGH-RESOLUTION PHOTOErvliSSION STUDY OF 11-JE 
COPPER (1 00) SURFACE STATE! 

S. D. Kevan and D. A. Shirley 

Angle-resolved photoemission (ARP) is the 
tecm1ique of choice for studying the surface elec
tronic structure of materials. Of particular 
interest in the last few years has been the 
investigation of occupied states localized at 
clean metal and semiconductor surfaces. Such a 
state has been observed on Cu(OOl) near the M point 
of the two-dimensional Brillouin zone at an energy 
slightly above the cl-bands.l We have undertaken 
high angular and energy resolution studies of this 
state with the intent of producing a more complete 
characterization than has been done previously. 

The fact that the state lies above the d-bands 
means that the final- state hole lifetime will be 
quite long, since there are few occupied electron 
states with energies greater than the surface 
state. This in tum means that the peak width 
is quite small by photoemission standards ( ~ 60 meV) 
and accurate studies relevant to both surface-
state character and the photoemission process in 
general are possible. 

An important aspect of any electron state is 
its symmetry, since a lmmvledgc of that parameter 
yields infonnation concerning orbital character. 
Using Hei radiation, we have shown that 
the state has odd syllUnetry with respect 
to the (100) mirror plane. 2 This is consistent 
with a dxy atomic orbita1 character as hypothesized 
in the earlier study. 

A surface state will in general possess two
~limensional dispersion relations. By changing 
1<11 , the component of the outgoing electrons's 
momentwn parallel to the surface, we can determine 
these E (kll) dispersion relations. w~ h<_!Ve-clone 
so for this state along part of the I'+ M + I' line, 
and the result is shown in Fig. 1. A roughly 
parabolic curve is seen, symnetric about 1<11 = 
l. 7 4 A.-1, which is the lll point. Figure 2 shows 
the experimental peak width r (k II), which is inverse
ly proportional to photoelectron and hole lifetimes. 
A model based on several simple assw11ptions yields 
the relation 
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Fig. 2. Variation of the surface-state peak width 
with initial energy. (XBL 7912-3928) 

where B and y are constar1t2 and E0 is the energy 
of the surface state at M. A plot of r (lq) 
against (E0 -E), shown in Fig. 2, is seen to be 
roughly linear. 

The final result of interest is the temperature 
dependence of the surface- state i.ntensi ty. In 
Pig. 3 we sh01v photoemission spectra taken with 
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k11 at the rVl point for various temperatures. The 
surface state is unusually sensitive to tempera
ture. The effect is much larger than a Debye
Waller or lattice expansion effect and also of the 
wrong functional fonn. We hypothesize that the 
higher energy surface phonon modes produce enough 
disruption of the local order to destroy the sur
face state itself. 

* * * 
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5. ANGLE- RESOLVED PHOTOEMISSION DETERMINATION OF 
!\-LINE VALENCE BANDS IN Pt Al\1D Au USING SYNO-ffiOTRON 
RADIATiont 

K. A. Mills,'~' R. F. Davis, S. D. Kevan, 
G. Thornton,§ and D. A. Shirley 

For the 3d and 4d transition metals, variable 
photon energy angle-resolved photoemission (ARP) 
studies have shown that accurate and detailed 
information about valence bands may be obtained 
within the framework of the direct-transition model 
(DTiv!) .l The extension of such investigations to 
the Sd metals is therefore of great importance. 

We have studied Pt(lll) and Au(lll) faces in 
the photon energy range 6 eV ~ hv ~ 34 eV. Clean 
crystal surfaces were prepared in situ by standard 
ion-sputtering and annealing techniques; impurity 
levels were monitored by Auger spectroscopy and 
were negligible throughout the experiments. The 
Pt photoemission spectra were recorded using a 
hemispherical analyzer,2 and a cylindrical mirror 
analyzer was used for the Au spectra.3 

Selected spectra for Au(lll) are shown in Fig. 1. 
Most of the features could be assigned to direct 

Au (Ill) 
Normal emission 

Ef 2 4 6 8 Ef 2 4 6 8 10 12 14 16 

Binding energy (eV) 

Fig. l. Selected spectra for normal emission 
from Au(lll) in the photon energy range 6 eV ~hv ~ 
33 eV. (XBL 797-2111) 



transitions for both Pt and Au. Using a 
free-electron fit.to the Au (RAPW) theoretical 
conduction levels4 as the final states, we were 
able to detennine empirical dispersion relations 
along 1\ for both metals, as summarized in Figs. 2 
and 3. Unlike the case of the 3d and 4d metals, 
substantial disagreement is observed between the 
theoretical and experimental valence bands, indi
cating that further theoretical work is needed 
for these more complicated elements. 

Several other features were observed and 
assigned. The Pt(lll) peak intensities were 
strongly (light) polarization dependent, and when 
combined with group theoretical selection rulesS 
these results indicated that the band symnetries 
are: 1\6 for bands 3, 5, and 7, and 1\4+5 for bands 
2, 4, and 6. From the experimental band splitting 
at r, ligand field parameters were derived: E,(Sd) 
= 0.71 ± 0.05 eV (Au), 0.66 ± 0.05 eV (Pt); lODq 
1.22 ± 0.05 eV (Au), 1.78 ± 0.05 eV (Pt). We 
investigated the effect of cooling Au to 150 K, 
and found a significant enhancement of the spectral 
features over background. This is interpreted 
as arising from an attenuation of both thermal
diffuse and phonon-assisted scattering processes. 
In addition, peak-intensity resonances were ob-
served in both materials; they may be explained 
as being caused by the mixing of f-wave character 
into the final states near the center of the 
Brillouin zone. From the energy maxima of these 
resonances, we determined the position of band 
7 near r: E7(r) = 16.6 eV (Pt), 16.4 eV (Au). 
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Fig. 2. Empirical (circles) and theoretical (lines, 
Ref. 4) valence bands for Au along 1\. (XBL 797-2117) 
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Ref. 6) valence bands for Pt along !\. (XBL 797-2109) 

These studies show that the direct-transition 
model may be extended to the 5d metals over a wide 
range of photon energies. They also demonstrate 
that the use of quasi-free-electron final states 
to determine the empirical dispersion relations 
from ARP data is justified, and that the experi
mentally derived valence bands are sufficiently 
precise to enable the critical evaluation of 
theoretical band calculations. 
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6. lNVESTIGATION OF TirE VALENCE- BAND STRUCTURE 
ALONG t,, , ~\J\JD 1 IN US INC ANGLE- RESOLVED 
PIIOTOEmSSION 

K. A. !1!11 , R. F. Dav.is, G. 
and D. A. Shirley 

II R. Watson, 

Reccntl y, 1ve studied the valence bands of silver 
along using angle-resolved photoemission (ARP) 
and svnchrotron racliation.l Employing the direct
transition model in the data analysis, excellent 
agreement \vas fow1el between the experimentally 
derived and theoretical dispersion relations. The 
extension of these studies to the other high
S}ll]Hetry directions in Ag is thus both timely and 
important. 

\l!e Ag(lOO) and Ag(llO) faces in 
the photon ranges 11 eV ~ hv ~ 34 eV and 
6 eV ~ lw ~ 3il respectively, using an apparatus 
described previ.ously. 2 Selected spectra arc shown 
for Ag (110) in . l. For both faces, most of 
the peaks arc associated with primary-cone direct 
transitions. For Ag(llO), a surface state is 
observed with lo1v (h\) ~ 10 eV) photon energies; 
in addition, there is considerable structure ncar 
the Fermi level (Er) for hv > 30 eV which cannot 
be ass at this time, but may include peaks 
clue to transitions from band 6. 

To clete11nine experimental valence band disper
sion relations along 1:, )~ 1 

, and 6 using these data, 
\ve used the direct-trcmsition model in conjunction 
with a quasi free-electron final-state dispersion 
relation. The agreement of the experimental curves 
with the theoretical RAPhf valence bands calculated 
by Christensen3 is extremely good. In conjunction 
with our previous i\ direction data, these new 
results allow us to present the entire high
symnetry empirical band structure for silver in 
Fig. 2. 

1\vo additional aspects of this work are parti~ 
cularly noteworthy. First, it clearly shows that 
cxperimenta l band occurs for photon 
energies corresponding to excitation into bulk
conduction band- gap states (Els = 6-11 eV for 

(110), Ek = 16-21 eV for AgLllO), where Ek is 
photoelectron kinetic energy) , in contradiction 

to the work of Dietz and Ilimpsel based on a study 
of Cu(ll0).4 Second, peak intensity resonances 
associated with the bulk conduction-band structure 
arc observed, analogqus to results with Ag(lll) ,1 
Pt(lll) and Au(lll),S and Pt(l00).6 

These results further demonstrate the viability 
of usjng photoemission in conjunc-
tion with synchrotron radiation to dete11nine all 

portions of bulk valence-band structures 
in transition metals. To our knowledge, this 
silver work and our previous lower-resolution 
studies of copper,7 represent the first such com
plete band structure determinations in these metals. 

* * * 
+ 
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Fig. 1. Selected no11nal photoemission spectra 
for Ag(llO); the inset gives the expernnental geo
metry. (XBL 797-10717) 
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Fig. 2. Empirical valence-band structure (circles) 
of silver, compared to Christensen's RJ\PW calcula
tion (lines). The experimental data along /\ are 
from Ref. 1. (XBL 797-10723) 
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7. AN ANGLE-RESOLVED PHOTOEMISSION DETERtvliNATION 
OF THE VALENCE-BAND STRUCTURE OF Pt BET1VEEN r AND 

G. T11omton,'f R. F. Davis, K. A. Mills,§ and 
D. A. Shirley 

We have recently established the viability of 
using angle-resolved nonnal photoemission (ARNP), 
in conjunction with synchrotron radiation, to 
obtain experimental valence-band dispersion rela
tions, En(k), for the high-symmetry (k-space) 
directions of transition metals.l Recent ARNP

3 studies of low- index faces of Ag, 2 Au, 3 and Pt 
suggest that the direct-transition model (DTM), 
along with a quasi-free-electron parabolic final
state dispersion relation, can be used to detennine 
EnCk) even when the photoelectron energy and 
momentum correspond to a bulk conduction-band gap. 
This choice is related to the surface sensitivity 
of photoemission. The present work extends these 
studies, becaus~ it represents an attempt to 
investigate E (k) for the 6 l1ne of a Sd metal 
for which no Gulk conduction bands have been cal
culated. It also addresses the relative contribu
tions of direct transitions and density-of-states 
(DOS) features in ARNP spectra. 

The Al\,\lp spectra of Pt (100) were taken in the 
range 6 eV ,;:;; hv ,;:;; 32 eV using an apparatus de
scribed elsewhere. 4 Representative spectra are 
shown in Fig. 1. Also shown is the experimental 
geometry used. In order to determine an empirical 
En(k) relation from the direct-transition features 
in these spectra, it is first necessary to con
struct sui table final states. As in our studies 
of Ag and Au, we require the final- s:~;a:te dispersion 
relation to be of the fonn (h2/Zm*) \k+C\2 + Vo 
(where G ~ (f6,0,0)11/4a), fitting this relation 
to the appropriate calculated bulk conduction band 
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Fig. 1. Selected normal emission spectra of 
Pt (100) in the photon energy range 11 ,;:;; hv ,;:;; 30 eV. 
The inset gives the experimental geometry. 

(XBL 798-2700) 

(band 7) near the center of the line tmder investi
gation. Because Anderson's RAPW band structure 
calculationS did not include the high ener~ bands, 
we followed the procedure used for Pt (lll), where 
the effective mass m* was taken to be the value 
found for the analogous band in Au (m* ~ 1.4 me, 
where llle is the free-electron mass). 'I11e band 
minimum was adjusted to Vo ~ 3. 3 eV, which gave 
the best overall agrQ.ement between the experi
mentally derived En(k) and Andersen's RAPW calcula
tion.s A comparison between the empirical and 
theoretical valence bands along /:., in Pt is shown in 
Fig. 2. The agreement is generally very good, 
although some discrepancies are observed. Band 
5 is seen to lie higher than calculated, although 
it should be noted that for hv ;:;;, 20 eV the posi
tions of peaks associated with this band were 
difficult to cletennine. Apart from band 2, which 
was also found to be higher than calculated, the 
remaining discrepancy is in band 3 between (4,0,0) 
and (6,0,0) where there is a deviation in the cur
vature. Band 1 was not observed in our spectra, 
presumably because of a low cross-section clue to 
its s-p character. 

In addition to the direct-transition peaks in 
the spectra, there are features from the 
density-of-states (DOS). T11e most intense DOS 
peak occurs in the spectra for 19 eV ,;:;; hv ,;:;; 32 eV, 
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with a binding 
increase 

as 

'll1e relative 
thLs peak with photon energy 

from a decrease in the 
mean free p8th, 

conservation and leading 
features.6 

+ 
reducing the extent of k1 
to an enhancement of DOS 

As in our earlier studies, direct transitions 
into the derived hnal-state band could be assigned 
even when a gap was present :i.n the bulk conduction
band structure. Tl1is study therefore adds further 
credence to the idea of a surface-modifi.ed hnal 
state in the of AI'<J\JP data. 
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8. ELECTRONIC STRUCTURE IN CaJ\s/Ge FROill J\i\JGU> 
FESOLVED PIIOTOHIISSION' 

D. R. Denley,:i: K. A. ~!ills,§ P. Perfctti, 11 and 
D. A. Shirley 

TI1e nature of the electronic structure of metal
semiconductor and semiconductor·- semiconductor 
interfaces, and the by which very thin 
Elms evolve toward limit of two bulk materials 
joined at an interface are of considerable scienti
fic and technological Until now, however, 
most studies of these interfaces have been con~ 
cernecl with the elucidation of general 
interface electronic properties such as band dis
continuities. I We present here the preliminary 
results of which show that angle-
resolved photoemission (ARP) may be used to more 
fully elucidate the detailed evolution of electron
ic structure in the initial stages of interface 
fonnation. In , we have found a nwnber 
of features, some of which corres~oncl to recent 
calculations of interface states.~ These features 
follow trends as greater 
amow1ts are deposited on CaAs. 

111e i\RP spectra were taken at 21. 2 eV (He I) 
photon energy for an n-typc GaJ\s(llO) 
crystal cleaved in situ, a cylindrical mirror 
analyzer (Q\U\) with an resolution of 0.07 eV. 
The sample , following clea-
vage along the by laser autocollima-
tion. Successive layers of Ge were produced by 

deposition with the held 
epitaxial growth of 350°C. 

\vas determined by ca1ibrating the oven 
thick11css monitor. 

1vere as a function of , the polar angle 
[rom the surface nonnal, for azimuths corresponding 

electron \Vavevectors along ((jJ '~ 0°) and 
' ((p ~ 90°) in the surface Brillouin Zone (SBZ); 

the geometry is summarized in . 1. 

'l11e spectral changes that were observed were 
rather subtle, and to better analyze them we have 
calculated difference spectra for the various 
evaporations relative to the clean substrate. 
Several rc1thcr sharp features ; their ener-

are stumnarizccl in . 2. features arc 
fmmcl to fit one of t~Vo cases for the location 
of at least some of thci r associated (EB, kll) 
paired Vel lues; (l) in a that is calculntecl 



r,i •c 90o 

hv 
[tToJ tJ 

I' X ¢ ~ 0° 
Surface Brillouin Zone 

1. Experimental geometry and surface Bril-
louin Zone for GaAs. (XBL 792-8386) 

Fig. 2. Observed i'IP.P features and projected sur
face band structure for GaAs/Gc (after Ref. 2). 
Cross-hatched areas arc GaAs bulk-forbidden regions. 
Interface states arc labeled \vi th the notation of 
Pickett ct al. Peaks are plotted from data for 
all evaporations, but not all data are shmvn. 

(XBL 792-8387) 

to be forbidden to itinerant (bulk-like) states 
or (2) 1Vithin or at the edge of a in 
itinerant states arc allowed. TI1c case is 
necessary for the formation of a localized 
state, while the second is the occur-
rence of resonances. 4 In the present experiment, 
all features fall below -7 eV arc found to 

in the region of itinerant states 
less of whether or not can be found gaps. 
For case (1) , this is shmvn by C for the 
rx azimuth and E, F, and G, for the I azimuth, 
a 11 of which from a gap into the bulk-
forb idclen Tl1e fea turcs D and !-! are note-
worthy in that they fall in the ionic gap of CcLI\s. 
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TI1c effect on the surface of the Ge deposition, 
in the Emit of a thick overlayer, will be to 
partiapy close the gap at X', and completely close 
Lt at X. This 1Vill prevent the fonnation of 
localized states and it is therefore consistcn>c 
that D (and to a H) is strongly damped for 
greater depositions; in fact, feature D has dis-

by an early evaporation, whereas all other 
are persistent. Features corresponding 

to the second case arc peaks A and B for the fx 
azimuth. 

We have further found correspondence with the 
main features of available calculations.2 It is 

important to extend these results to higher 
coverages to study any further evolution that is 
observable in the spectra, with the hope of fol
lowing the observed features until a hcterojunction 
has been fanned. 

* * * 
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Gas-Phase Research 

Overview. TI1e time-of-flight photoelectron 
analyzer, in conjunction with the time-structured 
SSRL beam, has been exploited to study two "classic" 
systems in atomic photoelectron spectroscopy 
(articles 1 and 2), and to measure asymmetries in 
the halogen acids (article 6). Fluorescence stud
ies at SSRL include the observation (with R. N. 
Zare's group) of polarized fluorescence from reac
tion products, \,,hich yields info1111ation about 
mechani.sms of photolysis reactions. 

1. 1\i\JGULAR DISTRIBUTION OF XcSs + f~P PHOTOELECfRONS 
NEAR THE COOPER 01INIIV1Ulvll 

M. G. White,+ S. !-!. Southworth, P. Kobrin, E. D. 
Pol:iakoff, § R. A. Rosenberg ,II and D. A. Shirley 

We use the time structure (0.3 nsec pulse width, 
780 nsec repetition period) of the synchrotron 
radiation at the Stanford Synchrotron Radiation 
Laboratory (SSRL) to obtain photoelectron spectra 
of gases by time-of-flight (TOF) kinetic energy 
analysis of the ejected electrons. Recently, two 



have been positi_oned at angles o[ 
(magic angle) with respect to the 
axis of the radiation. 'l11e analyzers 

are operated simultaneously, and o comparison of 
the photoelectron intensities observed at the two 

yields the "asymnet ry parameter" 3, whi.ch 
completely describes the photoelectron angular 
clistributi.on. TI1e 3 value is determined by the 
relative transition strengths to the final con
tinuum channels and bv their interference. The 

~, and hence 
and many-electron 

VUV radiation from the 8° branch line at SSRL 
was used to measure B for photoionization of the 
Ss-subshcll of xGnon at three Gncrgics near the 
Cooper minimum. Our results are plotted in 
alcng with theoretical predictionsl-5 and the 
point of Dehmer and Dill.6 All of the calculations 
treat the spin-orbit interaction, but only the 
many-body RPA calculations which include all of the 
5s, 5p, and 4cl interchannel interactions are in 
good agreement with the c;qJerimcntal data. 

* * * 
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parameters for XeSs + cp photoionization versus 
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2. RESONANCE PIIOTOELECTRON SPECI'ROSCOPY: A NEW 
METIIOD~-111E PHOTOELECTRON SPECTRA OF ATOMIC Ba AT 
SELECfED i\UTOIONIZING RESONi\J\JCES' 

l :i: I G \ n . s C' Th !I 1 R. A. Roscn)erg, ;v. . Y1Htc, '· ornton, anc. 
D. A. 

Using the VlN continuum radiation available from 
the 8 degree beam li.ne at the Stanford Synchrotron 
Eadiation Laboratory (SSRL) and a recently de
veloped time-of-flight electron energy analyzcr,l 
we have recorded the photoelectron spectra of 
atomic Ba at several autoionizing resonances. 
Autoionization occurs via resonant excitation of 
an inte11nediatc highly excited state of Ba I which 

to many Ba II continuum states. Strongly 
enhanced populations of electron correlation 
satellite states were observed previously upon 
excitation by l-Ie I (21.22 eV) resonance radia
tion,2,3 a result of the fortuitous overlap of 
the He I Line with an autoionizing level of Ba I. 
Use of the tunable continutun source at SSRL allowed 
photoelectron spectra to be recorded at selected 
autoionizing resonances in the present work. We 
shall call this ne1v method resonance photoelectron 
spectroscopy. 

A total 
between 700 A and 
the major features 
Connerade et al. 4 arc 

spectnun of Ba, taken 
is shown in . l. All 
absorption spectrum of 

reproduced. Photoelectron 

Wavelength (A l 

. 1. Total electron yield spectnnn of Ba. 
Photoelectron spectra (Pig. 2) were taken at the 
t1vo 1vavelengths indicated by the arrows. The 
bandpass of the excitation monochromator (2.5 i\) 
is indicated in the upper corner. 

(XBL 793-8812) 



spectra taken at the two resonances indicated by 
arrows in Fig. l are sh01vn in Fig. 2. Based on 
the work of Connerade et al. ,4 the two autoionizing 
levels involved are assigned to the same Rydberg 
series in which an electron is excited to an nd 
orbital. T11e corresponding photoelectron spectrum 
shows extensive population of the nd satellite line, 

that decay, e.g., 

5 + 6 Ba(Sp 5cl6s nd) + Ba (5p nd) + e 

is a dominant decay channel of the autoionizing 
level. 

The electronic structures of the resonant states 
are characterized by the peak intensities recorded 
in the photoelectron spectra, 1vith strong varia
tions in peak intensities observed among resonances. 
Thus, resonance photoelectron spectroscopy should 
have general applicability in elucidating the 
electronic structure of many-electron systems. 

* * * 
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Fig. 2. Photoelectron spectra of Ba taken at two 
autoionizing resonances. The assignments are based 
on the work of Coru1erade et al. 4 (XBL 792 -610A) 
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3. POLARIZED FLUORESCENCE FROM PHOTODISSOCIATION 
FRAGMENTS: A STUDY OF ICN PHOTOLYSIS USING 
SYNCI-!ROTRON RAD IATION'1; 

E. D. Poliakoff, 1' S. H. South1vorth, D. A. Shirley, 
K. Jackson,§ and R. N. Zarcll 

Polarized fluorescence has been observed in 
the CN(B _,X) transition following VUV photolysis 
of cyanogen iodide (ICN). Highly polarized 
radiation (Pex > 95%) from the Stanford Synchrotron 
Radiation Laboratory (SSRL) was used as an excita
tion source, and the fluorescence polarization, 
PH, was determined by measuring the fluon:scence 
intensities I[[ and I1 with a polarization analyzer 
oriented parallel and perpendicular, respectively, 
to the polarization axis of the excitation radia
tion. 

(1) 

The radiation at SSRt is pulsed with a 0.3 nsec 
(F\Vl-lM) pulse width and 780 nsec repetition period. 
Because of these excellent timing parameters, 
polarized fluorescence was measured as a function 
of time following the pulse, i.e. , decay curves 
were generatedl for both the parallel and perpendi
cular fluorescence components. T11us, collisional 
and time-dependent depolari.zation could be in
vestigated. Figure l shows a pair of polarized 
fluorescence decay curves with the intensity of 
the parallel component clearly stronger than the 
perpendicular component. Data were collected at 
ICN pressures from 10 to 100 mTorr, however the 
data analysis revealed no effects of pressure on 
the polarization. In addition, no time-dependence 
was observed for the degree of fluorescence polari 
zation, suggesting that collisional depolarization 
(alignment destruction) by ICN does not compete 
with collisional quenching. 

Figure 2 shows CN(B -r X) fluorescence intensity 
versus excitation wavelength along with values 
of Pn (see Eq. 1) measured at the indicated wave
lengths. We note some interesting trends. Popula
tion of the first three members of the lowest
lying Rydberg series P.ex = 1698 !\, 1331 A, 124 7 /1.) 
all led to vanishing values for Pn,. There is 
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Fig. 1. Fluorescence decay curves of the polar
ized emission (background subtracted). The hori
zontal bar indicates the time period over which 
the fluorescence polarization was analyzed. 
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Fig. 2. Degree of polarization and fluorescence 
intensity of the CN fragment as a function of ex-
citation wavelength. (XBL 794-1347) 

a strcng variation in Pn near 1400 A as the 
excitation wavelength is scanned over a peale All 
the observed polarizations are positive, indica
ing2 that the transition dipole moment lies in the 
triatomic plane or along the triatomic axis if 
the equilibriwn geometry of the ICN dissociative 
state is bent or linear, respectively. 

* * * 
·I· 
'Brief version of LBL-9081; published in Chern. 
Phys. Letters 65, 407 (1979). 
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4. TilE EJECTED ELECTRON SPECTRA OF ATOMIC l:'b )\ND Ba 1 

- . t § R. A. Rosenbe1g, S. -T. Lee, and D. A. Shirley 

By utilizing the glow discharge lamp on a Perkin
Elmer PS-18 photoelectron spectrometer as a source 
for low-energy electrons,l we have recorded the 
ejected electron spectra of atomic Yb (Sp64fl46s2) 
and Ba (Sp66s2). The electrons observed in this 
work are due to either decay of autoionizing levels 
in the neutral or Auger decay of the singly ionized 
atom. Autoionization occurs by excitation of a 
Sp electron and the Auger process results from 
ionization of a 5p electron. In general, the Auger 
electrons will have lower kinetic energies than 
those stemning from autoionization. 

The ejected electron spectra of atomic Yb is 
shown in Fig. 1. Using the absorption data of 
Tracy,2 the group of peaks between 17 eV and 23 eV 
is assigned to decay of two autoionizing levels 
to both the ground and excited states of Yb II. 
Peak 13 is a result ()f Auger decay of the Yb II 
(5p54fl46s2 2p3; 2) state to the ground state of 

Yb III (5p64f14). J\•lany of the additional lower
energy peaks may be assigned to jl,_uger decay to 
~xcited states of Yb III (5p64fl3n£). 

Figure 2 shows the ejected electron spectra 
of atomic Ba. Due to the complexities e~1ibited 
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Fig. 1. Ejected electron spectrwn following ex
citation or ionization of a 5p electron in Yb. 

(XBL 763-2573) 
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. 2. Ejected electron spectnun following ex
citation or ionization of a 5p electron in Ba. 

(XBL 763-2476) 

m the absorption spectra of Ba r3 and Ba u4 
of this spectrum is very difficult. 

However, by utilizing this absorption data most 
of the lines may be classified. In addition, a 
series of lines clue to decay of a single auto
ionizing level to excited states of Ba II is in
dicated. 

* * * 

tBrief version of LBL-9120; submitted for publica
tion in Phys. Rev. A. 
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5. DECAY DYNAMICS OF XeF* (B2 )~+ AND STATES' 

!' § E. D. Poliakoff;· G. Thornton · S. H. Southworth, 
II 

.,., 
M. G. M1ite, R. A. Rosenberg,,, and D. A. Shirley 

The electronic structure of XeF has 
of current interest clue to 
ground- state potential well. , The 
lifetimes of excited states of XeF serve as strin
gent tests of theoretical wavefunctions used to 
compute the electronic structure of this radical. 

The XeF2 sample was photoclissociatecl using 
1690 A radiation. Decay curves were 
using the timing apparatus described 

TI1e XeFz sample was ;;;,gg, 9% pure for the vola·· 
tile components. Our used 
pressures between 1.75 x 10- and 1.21 Torr. The 
fluorescence detection photomultiplier tube (RCA 
C31000 M) was placed perpendicular to both the 
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propagation vector and the r:; vector of the exciting 
radiation. 

111e XeF* decay curves were fi ttecl to an equation 
of the fonn 

1
) + c

2 
cxp(-t/1

2
) (l) 

A typical decay curve with 
is shown in Fig. 1. Plots 

its least-squares fit 
of both Til and T,:? vs. 

pressure y1clcled 
set of data was 

lines (see . 2). Each 
1vith linear least- squares 

and the results arc 
TZ = 98 ± 10 nsec. 

Tl = 14.2 ± 0.2 nsec and 

Decay of the XeF* (B
2

>= + and c2n3; 2) can be 
modeled simply using the follmving scheme: 

2 ,+ 
Xef*(B L ) 

k (=T l 
8 

XeF + 

(2a) 

(2b) 

(Ze) 

The I(t), predicted by Eqs. (2a)-
(2g) is 

(3) 

provided the transfer rates arc much smaller than 
the of the exponential arguments, which 
is the case. 11ms, we conclude that 11 and T 2 are 
equated with fk7 + (k3 + k5) ] and [k3 + 

(k4 + k6)CxeFzl, TI1erefore 

tB2;:+ = 14.2(2) nsec and = 98(10) nscc. 

* * '}.: 

version of LBL-9491; submi.tted for publica
tion in J. Chem. Phys. 
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6. THE PIIOTOELECfRON ANGULAR DISTRIBUTIONS OF HBr 
AND HI AT lN = 21. 2 eV+ 

M. G. \\~1i te, :j: S. H. Southworth, P. Kobrin, and 
D. A. Shirley 

The photoelectron angular distributions for the 
2n3; 2, 1; 2 (prr)-l and 2L:!;2 (po)-l ionic states of I-IBr 
and HI have been measured at a photon energy of 
21.2 eV. Highly planG-polarizecl (>97%), pulsed 
synchrotron radiation at the Stanford Synchrotron 
Radiation Laboratory was used to obtain time-of
flight (TOF) photoelectron spectra. 1 TI1e asyJTUnetry 

S, which completely characterizes the 
angular distribution, Has cletenninecl 

two TOF cletGctors simultaneously at 
and 54.7 degrees with respect 

to the polarization direction of the radiation. 
The I-II sample contained sufficient HEr impurity 
that TOF of both gases 1vere obtained at 
the same , as shmm in Fig. 1. 

TI1e measured S-values are listed in Table 1. 
along with those for HCl measured wi.th the 21.22 eV 
!-lei line. 2 

Table 1. EXTleriJnentaJ for 

X 

Cla 

Brb 

Ib 

photo ionization (hv = eV) from the 
]m3;2, p1r1;2, and poJ/2 orbitals of the 
HX (X = Cl, Br, I) molecules. 

]JTi 3/2 p1i l/2 pol/2 
--~-~~ 

1.40(5) 1.40(5) . 75 (lO) 

1.2 (2) l.l (2) .9 (l) 

1.47(9) 1.47(9) .89(8) 

~~--~~-~~~~~~~~--

2. flFrom Ref. 
JThis work. 

. 2. XeF* Stem~Volmar fits . (XBL 797-10657) 



2 

J 
I 

~j~---c'~~ 
17 16 15 9 

Binding energy (eV) 

. L T11e oo and 54.7° TOF spectra of I!Br+ and 
taken at hv c~ 21. 24 eV. (XBL 798-11 US) 

in disagreement wi.th 

Cheng, :s in which 
transit .i.ons shou1 d 

than those for n transitions. The 
from the Cheng result is most 

a result of the fact thclt the pTr orbitals are 
essentially atomic, closely resembling the corre-
sponding united atom gas) np orbitals, which 
have B-val ucs. 11 'I11e asymmetry parcunetcrs 

for the 
obtained 
orbitals 

-1 + 
(po) states of HX arc more like those 

for ionization of 
of other molecules, 

* * 7.: 
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RESEARCH PLi\I'\S FOR CALEM)J\P. YEi\R 1980 

With the advent of 50% dedication of the SPEAR 
ring to synchrotron radiation research 

started in October 1979), our group is 
looking fonvard to higher photon flux in the 
6-4000 cV vacuum ultraviolet-soft x-ray range. 
Two branches of Beam Line II I will be co1mnissioned 
in 1980 at SSRL. Beam Line II I ·1 will enhance 
tho SSRL capability in the 32-100 eV range, while 
Bccun Line III-3 wi.ll provide an entree into the 
now range 1000-4000 cV. Our own group will help 
to develop a new "windowless" branch line, for 
gas-phase studies in the 5··160 cV to be 
completed in 1981. These new Enos greatly 
facilitate the of a 

of the 

A strong laboratory progrmn in electron 
spectroscopy in LBL will also be maintained. A 
high· resolution electron ener~ory loss spectrometer 
for surface studios wilJ be completed, and a hi.gh-
rcsolution energy for -phase photo-
emission from molecular beams be put into 
operation. Initial construction on the Chemical 
and Materials Science Laboratory (Ci\!SL) addition 
to 62 will be started, and our group will 
ul into this new building, where we 

in the development and usc of 
cqui.pmcnt that will be 

CMSL. 

David Shirley will also be a Miller Research 
Professor the 1980·81 academic year, and 
will concentrate on th.is research program. 

Specific topics to be studied in the surface 
and solids area include photoelectron cli.ffraction, 
studies of adsorbates by surface EXAFS in the soft 
x-ray regions photoelectron and 

of surface states. 
studios will include photoelectron asymmetries 
and photoelectron spectroscopy with molecular beams, 
as well as fluorescence angular distributions. 
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h. Crossed Molecular Beams* 

Y. T. Lee, Investigator 

l. CQ\!JlFTTTI\T TJECi\Y OF Tl IE CU!PJJX FOH~TI D !\I TilE 
REi\C:TW\ o(3p) + c:6rr 6 A\ll c6D6

1· 

H. J. Buss, P. Casavecchia, T. llirooka, 
S. J. Sibencr and Y. T. Lee 

The reactions o 1· OA'vgen a toms 1,·i th hydrocarbons 
arc o I' great interest because arc 1mportant 
in combustion processes, atmospheric chcmistrv and 
photoc;hemical air pollution. 1\l though the reaction 
of O('lJl) 1vith benz.cne has been studied bv a var 
of techniques, unccrta.inty remains conce~·ning the 
products of the primary reactive event. \\'e have 
nmv completed a crossed molecular beam of 
this reaction 1\'hich eliminates the previous diffi
culties of sccondarv reactions and has enabled us 
to identify the pri;nary products unambiguouslv. 

The crossed beam apparatus and supersonic oxvgcn 
atom beam have been prcviouslv dcscribcd.l !\bout 
90 Torr of the pure vapor of C:6ll6 or C6DG was 
expanded from a 0.1 mm nozzle orifice heated to 
326 K to prevent condensation. The reactions were 
studied at t11'0 mean collision , 2.5 and 
6. 5 kcal/mole by the oxygen beam in argon 
and helium reaction charu1els 
were 

0(
3

P) + C6H6 C
0
l!

5
0H 

(1) 

M{~98 ~ -102. kcallmole 

0 ( 3?) + C H 
6 6 

C
6

H
5

0 + H 
(2) 

L\H;98 -16. kcal/mole 

The most intense product signal occurred at masses 
65 and 66 which arc daughter ions produced bv ion--
izer of the parent c6H5o and c:0H50II 
molecules. The laboratory angular rlistribut10ns of 
product are shmm for the higher collision 
in Fig. l. The narrm,· distribution of mass 
found to coincide 1vi th the calculated distribution 
proving that it is indeed the result of oxvgcn 
attachment, Eq. (1). The mass 66 cannot be the 
result of CO elimination from the complex because 
momenttml conservation 1voulcl v broaden the 
mass 66 distribution. The angular' distribution of 
mass 65 is wider than the centroid distribution as 
a conseouencc of the elimination of a hvclroocn atom 
from th~ complex. The a11gular clistribution<'"of 
product from the lmv energy reaction is shmm in 
Fig. 2 with a ca lculatecl centroid distri hut ion 
(clashed line) and a best fit calculation (solid 
curve), assuming an angular distribution 
and the translaticnal energy distribution shmm in 

. 3. 

*This work \vas supported the Division or 
Chemical Sciences, Office of Basic 
Sciences, U. S. Department of Energy. 
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. The results of the c6D0 reaction are qualita
tiVely the same but the effect of dcutcration is 
to alter the branching ratio of the tNo channels. 
The relative intensities of the detected masses are 
sho11~1 in Table 1. Because of the uncertainties in 
the patterns of the parent species, 
these intensities do not rive actual branchino 
ratios but shmv onlv the trends. At both collision 
energies, deutcration has the effect of increasing 
the 66/65 and 72/70 ratios, indicating that the 
formation of phenol is favored by deuteration. 
Also evident is a strong enhancement o[ phenol 
production at the higher collision energy. The 
reaction of o(3P) 1vith benzene apparcntlv proceeds 
through formation of a triplet biradical intermed
iate. This can decay by one of t\Vo routes, non
radiative t~'aJlSition to the s0 manifold of phenol 
or dccomposltlOn by hydrogen atom loss. \\'e have 
determined that the complex does not dissociate by 
elimination of CO as was previously thought.2 
\1/hile this scheme is the simplest interpretation 
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kcal/mole. The dashed line is a calculation of the 
centroid distribution. The solid line is the 
calculated distribution described in the text. 
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1,0 

Fig. 3. Translational energy distribution of the 
C6Hs0 product from the reaction 0(3P) + C6H6, 
Erel = 2. S kcal/mole. (XDL 7910-12122) 

of our results, further experiments will be neces
sary to determine whether the 94 product is 
actually formed by a radiative process, by a 
ring opening, or if, indeed, it is ground state 
phenol fonned a nonradia ti ve curve crossing. 

* * * 
tBrief version of LBL-9975, submitted to 
J. Chem. Phys. 

l. Y. T. Lee, J. D. McDonald, P. R. LeBreton and 
D. R. Herschbach, Rev. Sci. Instrum. 40, 1402 
(1969); S. J. Sibener, R. J. Buss, C~. Ng and 
Y. T. Lee, Rev. Sci. Instrum., in press. 
2. T. M. Sloane, J. Chem. Phvs. ~(5) 2267 (1977). 

Table l. Relative intensities of the detected ion masses. 

Collis ion Energy 

Mass Species 6.5 kcal/mole 2. 5 kcal/J11ole 

94 c6H50!l 0.01 < 0.005 

93 c6H50 0.08 0.01 
0 + C6H6 

66 CSH6 0.21 0.08 

65 CSH5 1. 00 1. 00 

100 c6 D50D 0.04 < 0.005 

98 c6o5o 0.04 < 0.005 
0 + C6D6 

72 CSD6 1. 0 5 0. 18 

70 C5DS 1. 00 1. 00 



2. 'DIE DYNi\MICS OF TilE RJ2ACTIO:.J 
0(1D) + Ilz + HzO + OH + l! t 

R. J. Buss, P. Casavecchia, T. Hirooka, 
S. J. Sibener andY. T. Lee 

The reaction of 0( 1D) 1''ith i!z is of particular 
interest to theoreticians because 1vhile it is a 

as to be manageable, the 
theorv must accmmt for the participation 
of a manifold of lo\\' electronic states. The 
eAverimental determination o [ product state distri
butions in crossed molecul:lr beams can provide a 
sensitive test of the dvnamical theories. We have 
used our O(lD2) beam so~1rce to obtain angular and 
velocity distributions of Oil and OD product from 
the reaction of O(lD) with llz and D2. 

We have fotmd that the radio frequency clischarse 
supersonic oxygen atom sourcel can produce a high 
flux of O(lD) Hhen helium is used as the seeding 
gas because helilml is ineffective at quenching the 
excited state oxygen. The hydrogen or deuterilun 
was expanded at a stagnation pressure of 17 atm 
through a room temperature 30-micron-cliameter nozzle 
orifice. The mean collision energv was 2.7 kcal/ 
mole. The cross correlation time of flight method 
was used to obtain velocity distributions at 17 
angles. The angular distribution of Oil product is 
shmvn in . 1 with a calculated curve, obtained 
by optimizing the product trar"slational energv P(E') 
and the center of mass angular distribution T(8) to 
obtain a best fit to the data. The optimlun P(E') 
and T(8) (1vhich 1vas found to be symmetric) are 
shown in Fig. 2. The results for the deuterium 
reaction, \vhile not yet fully analyzed, appear to 
be qualitatively similar. 

The reaction of O(lD) with Hz might proceed by 
insertion of the oxygen into the Il2 bond to form a 
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Fig. 1. Laboratory angular distribution of OI-l 
product from the reaction of o(lD) + l!z. The line 
is a calculated curve using a decouplecl angular and 
energy distribution. (XBL 7911-12907) 
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O.OO'c------+10c----c=2""'0-----c3c"0~--40 

E/ kcal · mole- 1 

Fig. 2. (A) Center of mass angular distribution of 
product OI-l flux. (B) Product translational energY 
distribution obtained for the o(liJ) + Ih reaction. 

(XBL 7912-13560) 

vibrationally hot Hater molecule which 
dissociates. the oxvgen 
collinearly, an H atom and 
Our product angular distribution is fow1cl to be 
fonvard- bachvard syrmnetric, consistent 1vi th the 
insertion mechanism in 1vhich the direction along 
\vhich the products depart is lmcorrela ted 1v:i th the 
incident direction for angular momentum 
constraints. The ab potential ener~v 
surface (PES) of Howard, McLean and Lesterw has 
no barrier to insertion 11•ith a perpendicular 
approach of the OA)'gen but indicates a small 
barrier 1-3 kcal/mole to collinear approach, ancl 
thus qualitative agreement 1vi th our results. 

illuckenmnn and fisher3 have performed 
classical trajectory studies on a PFS thev have 
obtained using a valence bond method. Thev have 
found considerable asymmetry in the product angular 
distributions, even 1vhen onl v the ectories 
Hhich involve insertion of the oxvgen are chosen. 4 

However, the product translational distri-
but ion obtained by them is in quite agreement 
Hi th the results of our experiment. 

Future studies Hlth improved resolution mav help 
us to derive differential cross sections of the 
individual product vibrational states for this 
reaction. Additionally we \vill extend these studies 
tO include the reaCtiOn \vi th l!J) in \1'hl Ch \1'e \1'i 11 
look at the competition for formation of OH and OD. 
These studies provide the theoretician 1\i th a 



sensitive stanclarcl1vith 11'hich to compare tho 
accuracv of the PES as 1vell as of the clvnami cal 
theories. · 

* * * 
tBrief version of LBL-10565. 
l. S. J. Sibener, R. J. Buss andY. T. Leo, Rev. 
Sci. Tnstnun., in press. 
2. R. F. I!01vard, i\. D. McLeail and 11'. A. Lester, Jr., 
J. Chem. Phys. 71(6), 2412 (1979). 
3. P. A. 111litloc):, J. T. llluckermmm and E. R. 
Fisher, "Theoretical of tho Ener-
getics and D\Tiamics 0(3p, 1 D) + H7 
and C (1D) + ~lz, "(Research Institute for Engineerii1g 
Sciences, State Univcrsitv, Detroit, 1976). 
4. J. T. illuckermann, commLmication. 

3. PRIMARY PRODUCT IDENTIFICATION IN TIIF RFi\CTIO\.! 
OF Ol\'YGEN ATQ\!S 1\TDI TOLUENE 

t R. J. Baseman, R. J. Buss, P. and 
Y. T. Lee 

We have investigated the reaction of grow1el 
state oxygen atoms with toluene under single colli
sion conditions. Previous studies of the rate of 
this reaction have been reasonably consistent, but 
there has been the identi tv of 
primary products formed. Products · 
from bulk phase studies include o-, m-, p-cresol, 
anisole, benzaldehyde, phenol, methane, ethane, 
carbon monoxide, benzyl alcohol, m1d a red-vellow 
tar. We have observed at least t1v0 primarv reac
tion products, Cll7o and C0H5o, (corresponding to 
loss of H and loss of Cf-!3 from an 0- toluene adduct) 
and have failed to observe some previous reported 
products (i.e., benzaldehyde, cresol, anisole, and 
benzyl alcohol). 

Supersonic beams of 0(3P) atoms produced in a 
radiofrequency clischargelO and toluene molecules 
from a supersonic expansion of the vapor in equi
libriLun \vi th liquid toluene at ca. 400 K 1vere 
crossed at 90° in our crossed beams spectrometer 
equipped with a rotatable electron bombardment 
ionizer-electric quadrupole mass 
detector 11 Angular and time of flight 
(TOF) distributions were measured bv monitoring 
parent and daughter ion intensities. Product Nets 
detected as masses 78, 79, 106, 107 and 108. 

All angular distributions of these masses Here 
found to be superimposable, and all are wider than 
the distribution of centroids (Fig. 1). The 
intensity of mass 108 is approximatelv 
one-tenth that of mass 107, about equal to that 

from 13c isotopic impuritv.12 This data 
is consistent with mass 10 7, C71h0 being a 

primary product with masses 78,79 al1d'l06 being 
fragments formed in the ionizer. The mass 106 
cannot be a primary product of liz elimination 
because this would have resulted in broadening 
of its angular distribution. 

Evidence for C6II50 product (CII3 elimination from 
c7H80) was foLmcl m the mass 65 (C6IIsO losing CO in 
tnc ionizer) spectrum. J\ngular scans proved fruit
less as fragmentation of elasticallv scattered 
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Fig. l. Angular distribution of mass 107 (C7H70) 
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(XBL 7912-13563) 

toluene obscures anv reaction features in the mass 
65 spectrum. TOF s))ectra measured with daughter 
ions of scattered toluene (e.g., mass 
91) show two maxima, one clue to the elastically 
scattered secondary bea1n, the other to main chamber 
background gas. The mass o5 spectrum shows the 
same two lines, however 111ith added intensity 
between the peaks. We believe that this is clue 
to a third line in the mass 65 TOF spectrum, from 
a mass o5 cc5H5) daughter ion of a c6H50 reaction 
product. Tlns line obtained as the eli fference 
between normalized (corrected) mass 91 and 65 TOF 
spectra, is shoMl in Fig. 2 with the corresponding 
line from C7H70 product. The increased breadth 
and displacement of the CdlsO product associated 
line relative to that from c7H7o product confinns 
a difference in molecular origm for the two lines. 

We have observed II and ~11 3 elimination in the 
reaction of oxygen atoms (:JPJ and toluene. 1Ve have 
seen no evidence for Hz elimination. Future consid
erations of this reaction will allow us to describe 
the reactive clynami cs cmcl product structures more 
fully. 

:· Fa1mie m1d Joh11 Hertz FOLmclabon Fellow. 
Pen11anent address: Dipartimento eli Chimica 
clell'Universita, OolOO, Perugia, 
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4. OBSrR\'ATION OF Cll-:;0 PRODUCT 1:-J rrn CROSSED 
BE;\J\f S11JDY or T!Ir 0( 1b2) + CIL1 F.I'ACTIO'.Ji 

P. Casavecchia, R. J. Buss, S . .J. Sibener 
and Y. T. Lee 

The reacti.on of o(1D2) with methane has been a 
matter of considerable 1nterest in the past, 
primarilv for its role in stratospheric 
lN photolysis of :-!20-C:!l,1 or 03-Cll4 mixtures 

1 

been used to this reaction in gas 
and also in a liquid argon meclitnn. 7 At present 
time the reaction is Lmderstood6 to proceed along 
tHo distinct path\vays: a) bv insertion oF 0(1D2) 
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into the C-ll bond to form "hot" methcmol, which 
in the absence oF stabilizing collisions; 

abstraction of Jl atoms to fonn 0!1 and Ol3 
radicals. lh elimination from "hot" methanol 
resulting in~the formation oF formaldchvcle has 
also been observed in liquid J\r and inferred in gas 
phase as a minor ch,ctnnel. Uncertc1intv remains 
Hhether other precursor radicals, such as C:H30 or 
C:lbO!-l, arc fonnecl at a] 1. Dimetlwl ether has been 
observed in a 1m,· study, 3 but there is no 
direct evidence on the of 
the precursor radicals. 

In order to understand the reaction mechanism 
and to elucidate the dvnamics and of the 
0(1IJ2) + CllcJ reaction,' 1ve have perfonned a crossed 
molecular beam investigation of this reaction 
a novel o(lb2) beam source developed 
recently our laboratory. The seeded o(1D2) 
atomic beam is produced from a high pressure, radio 
Frequency discharge nozzle beam source ,,,hich has 
been previous 1 y described in detail. 8 !\1 though 
the bemn also contains 0(3P), undissociated 0 7 
molecules as 1vell as the lle carrier gas, only~ 
O(lDz) lvith C:ll4 appreciablv at low collision 
energies. The o(lDz) beam '''as crossed at 90° with 
a room temperature supersonic beam of Cll4 in a 
collision chrunber maintained at ~1 x Torr. 
Reaction product angular distributions are measured 
as a fLmction of in-plane angle bv a 
triply differentially pwnped electron 
bombardment quadrupole mass spectrometer, kept at 
~lo-ll Torr in the ionization 9 Product 
velocity distributions at selected angles are 
determined bv a cross correlation time-of-
(TOF) techni~1ue.lO i\lthough c:l3H4 impurity 
prevents our studving the hydrogen abstrnction 
channel, we observed scattered signal at m/e = 30, 
31 and 32. Possible origins of m/e = 32 are either 
C:H30l!* or 02, but since the 1 i fetime of C!J30H*. is 
e)q}ected to be too short (::S x 10-12 sec) 6 for 1 t to 
reach the detector, the m/e 32 signal is believed 
to be entirely clue to elastic scattering of 02 from 
0-14, as demonstrated bv TOF . m/e 31 
product cannot be identified from a mass 
spectrometric detection, since it can be either 
formaldehyde (HzC:O) or a of m/ e 31 product. 
But in a crossed molecular experiment it is 
possible to identify the origin of m/e 
30 from measurement of ru1gular and velocity 
distributions because of the dynamical and energetic 
contraints imposed on the reaction svstem. The 
m/e 30 angular distribution is rather narrow and 
is peaked at the center of mass ru1cl is sh01m to 
come from the fragmentation of mass 31 product 
(CH30 or C:ll20ll) in the ionizer. Since the m/e 31 
sig11al is contaminated, eSJ1eciallv at 
small bv the low mass tail of the intense 
m/e 32 ~ig11al, a reliable angular distribu-
tion of m/ e 31 is difficult to obtain. However, 
in the TOF data the reactive m/e 31 signal is 
separated from that clue to elastic contamination. 

1 shows the TOF spectra of m/e 30, 31 and 32 
at the center-of-mass The m/e 30 and 31 
spectra similar and peak at the same veloc-

with strong elastic contribution of m/e 32 
appearing as a shoulder on the high velocity side 
of m/e 31 spectrwn. By subtracting the m/e 32 
contribution from the m/e 31 distribution 1ve obtain 
a spectnnn (solid line in Fig. lb) which is identi
cal to the m/e 30 spectrum (Fig. la). This stronglv 
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Fig. 1. a) Experimental TOF distribution of m/ e 
30 product in time space. The dark line is drmm 
through the data for clarity. b) Experimental TOF 
distributions of m/e 31 (o) and m/e (LI) in time 
space. The dark line represents m/e 31 TOF distri
bution corrected for m/e 32 contribution (see 
text). Other dotted or dashed lines are drmm 
through the data for clarity. Error bars (±2o) 
are of the size of the data points for m/e 32 TOF 
distribution. (XBL 798-11136) 

suggests that m/e 31 and m/e 30 have the same 
origin. Moreover, the intensity ratio of the 
m/e 30 and 31 TOF spectra is constant at different 
angles, giving further support that m/e 30 detected 
is a fragment of CH30 (or CHzOH), the primary 
reaction product, in the ionizer of the mass 
spectrometer. The narrow angular distribution 
of m/e 30 product also supports our contention 
that the primary reaction is not the highly 
exoergic (LIH = -113 kcal/mole) 11 Hz CO + liz reaction. 
The H elimination channel can be accompanied by 
either CH30 or crr20H radical formation, having 
slightly different exoergicitiesl2 (33 and 43 
kcal/mole, respectively), but the two pathways 
cannot be distinguished in our experiment. The 
fact that we do not observe formaldehvde as a 
product suggests that the Hz elimination chcumel 
from CH30H~ plays a very minor role. The identifi
cation of the C!-!30 (or CHzOH) radical as one of the 
primary reaction products from the single bimolec
ular reactive collision of o(lDz) with rn4 is 
unambiguous in our experiment. This certainty is 
not possible using mass spectrometric identifica
tion alone. 
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5.. VIBRATIONAL PREDISSOCIATION SPECTRI\ OF 1VEAKLY 
BOUND Vf\J'J. DER WAALS CO~!PLEXES-t-

H. S. K1Yok, M. F. Vernon, D. J. Krajnovich, 
Y. R. Shen andY. T. Lee 

In the , \Ve have developed a high power 
tunable laser source using the process of 
optical oscillation (OPO) in a Lil,Jb03 
crystal ancl used this to the infrared absorp-
tion spectra cu1d the d;mamics of van der Waals 
complex dissociation. The ptnnping source was the 
unstable resonator Nd:Yag laser at l. 064 lJ. The 
output from the OPO consisted of t\Vo frequencies, 
with the signal frequency ttmable from l. 4 to 2. J ll 
and the idler tunable from 2. l to Ll. 2 \1. 
At the present stage, a total output energy of 15 
mJ was routinely available, 1dth a band-
width of 3.5 cm-1. 

We employed these IR pulses to the 
vibrational predissociation of bmmcl van cler 
Waals complexes in a crossed laser-molecular beam 
experiment. The experimental arrangement is 
depicted in . 1. The Nd:Yag laser was allm,,ecJ 
to travel > 10 m to convert to its far field spatial 
profile to achieve optimtun ptunping o[ the OPO. The 
van der \Vaal s complexes 1vere obtained by the super-
sonic expcu1sion of a mixture of argon and the 
benzene or cyclohexane vapor through a mil 
diameter quartz nozzle. The stagnation pressure 
of the gas mixture was controlled by adjusting the 
Ar pressure and the partial pressure of the molecule 
of interest was varied by changing the temperature 
of the liqui.cl bath. 

When the van cler Waals complex absorbs an infra
red photon, it will preclissociate accorcUng to the 
equation 
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. 1. Experimental setup to obtain the vibra
tional predissociation spectra of polymeric 
complexes using a crossed laser-beam configuration. 

(XBL 7911-12653) 

~·l + hv + M * -> M + rA n n p n-p 

(n 2, 3 or 4) . Product was detected at 5o from 
the molecular beam 1vi th the mass spectrometer tuned 
to the product ion ]\~-l. In order not to have 
higher polymers contammating the dissociation 
signal, we operated at a beam condition by adjusting 
the stagnation pressure such that there was negli
gible higher polymer signal. 

Figure 2 shows the C6H6 signal from such a 
measurement. Since the b1nding energy of the van 
der Waals is much less than a photon energy, 
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Fig. 2. Vibrational dissociation spectra of 
benzene polymers. (XBL 7911-12651) 

111e expect the dissociation to be the same 
as the absorption spectrum the complex itself, 
in this case the benzene dimer (C6H6) We observed 
that the in . 2 is quite , depict-
ing the dominant peaks identical to those in 
the benzene liquid and solid spectnun.l The same 
spectnm1 was obtained by monitoring (C6!16) s at a 
different molecular beam condition. The only 

is that the hexamer spectrum appears reel
by ~ 1. 5 cm-1 from the dimer spectrum. 

The broadening of the absorption lines, F\Yllfvl 
about 10-1 em, should contain contribution from 
liletime and rotational broadening. The rotational 
constant, S, ca11 be estimated by asstuning a geom
etry for the benzene dimer. With an internuclear 
spacing of 5 A, Sis calculated to be 0.15 cm-1 and, 
at 100 K the corresponding rotational broadening2 

is ~7 cm-1. The rotational broadening is expected 
to decrease as the cluster size increases, but the 
line1vidth of the hexamer was observed to be the 
sa1nc as that of the dimer, suggesting that its 
rotational temperature might be much colder than 
100 K and/or the dominant broadening effects come 
not from rotation but from lifetime broadening. 
The 10 cm-1 lineHidth would correspond to a life
timc of 1 psec which then constitutes a lower bound 
on the predissociation time. 

Figure 3 shows a similar study with cyclohexane . 
Again, we observe that the peaks are quite narroH 
c~ 10 cm-1) and the absorption spectrum of the dimcr 
is almost identical to the cyclohexane liquid 
spectrum ,,rith a constant red-shiftof~8 cm-1. 

In conclusion, the absorption spectrum of van 
der Waals polymers are found to be very similar 
to the liquid state spectra. This is consistent 
vvi th the notion that in a weakly coupled system 
the energy of the individual components is only 
slightly perturbed. 

For the coming year we plan to incorporate line 
narrowing clements into the OPO to obtain a line
width of ~o. 5 cm-1 at 3000 cm-1 We shall also 
interface the OPO with a minicomnutcr to automate 
the frequency scanning. , 
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Fig. 3. Vibrational dissociation spectra of 
cyclohcxane polymers. (XBL 7911-12652) 
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6, VIBRATIONAL PREIJISSOCIATION SPECTRA OF SMALL 
f-rfDROGEN BONDED CLUSTERS-!-

H. S. K11'ok, ivl. F. Vernon, D. J. Krajnovich 
andY. T. Lee 

The study of the bonding and dynamical interac
tions in water clusters has increased as their 
important role in \vater droplet formation in the 
atmosphere has become apparent. 1 With the develop
ment of the tunable infrared laser it has become 
possible to study IR absorption by small clusters 
of molecules tmder collision-free conditions in 
molecular beams. Comparison of the absorption 
spectra of a cluster with that of the free molecule 
and the condense phase can reveal the nature of the 
interaction between molecules. 

The experimental method, described in the prev
ious report of benzene and cyclohexane, \vas used 
to obtained photodissociation spectra of water, 
methanol, and arrunonia clusters. The spectra 
observed at different source pressures and for 
different cluster sizes are shown in Figs. 1-3. 
In all cases, the intensity of the fragments 
dropped rapidly with increasing angle from the 
molecular beam, indicating that little of the 
available excess energy was channeled into transla
tional motion. We interpret this as evidence 
confirming that vibrational to rotational energy 
transfer has a higher rate than direct vibration 
to translation transfer in these hydrogen 
bonded complexes in the many low frequency 
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vibrations correlate with hindered monomer rotations. 
Also, the product translational energy, as measured 
with the time of flight method, was insensitive to 
changes in the laser frequency. The noticeable 
differences in the frequency spectra as the nozzle 
pressure was varied does allow us to extract new 
information on the structure and bonding of these 
complexes. 

The primary change in the spectra as the 
size increases is the merging of the two 

lowest frequency peaks and the increased intensity 
of the 3375 cm-1 peak. The correlation of these 
peaks to the free monomer vibration bands is 
uncertain because of the strong fermi-resonance 
bet1veen the , v3 and v1 bands. Tentatively, 

peaks are assigned to the doubly 
2v4 band, followed by v1 and v3 in 
frequency. The large intensity of the 

v3 band, in the phase monomer spectrum, 
is attributed to rotational motion \vhich 
concentrates the diffuse v3 band to a much smaller 

range. 

S:tf30!-I. ~lethanol exhibits greater Derturbation 
of its hydrogen bonded spectrum with increasing 
cluster si. ze. 2 The shift to lower frequencies of 
the 0-1-1 stretch is in accord \vi th liquid phase 
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Fig. l. Photodissociation spectra of (r-I20)n. 
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spectra. The apparent minor perturbations for the 
methyl group vibrations indicates that they are not 
directly involved in the hydrogen bonding. The 
high frequency shoulder which is observed in the 
smaller clusters can be rationalized as the contri
but.ion from methanol monomers 1vhose oxygen a tom is 
involved in hydrogen bonding while its acidic proton 
is not. The gross structure for small methanol 
polymers consistent ll'ith the above features is 

H" 
0 H~ 
I 0 H~ 

CH
3 0 

CH
3 I 

CH
3 

J:lzQ· The single high frequency peak occurring 
midway between the gas phase symmetric and anti
symmetric stretch is assigned to hydrogens not 
involved in direct intermolecular bonding. Calcu
lations on the structure of small water clusters 
all show the trimer containin~ three hydrogen 
bonds as being the lowest in energy . .) In one case, 
the 10\ves t energy structure for a tetramer was shOM1 
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to be tetrahedral, lvi.th one \later molecule dona tint; 
both of its protons to form hydrogen bonds. The 
feature of 3550 cm-l "·hich dominates the higher 
polymer spectra could be assigned to the latter 
t)11e of protons, with the postulate that the major-

of the adch tional \Vater molecules are of this 
doubly hydrogen bonded type. Further calculations 
on the high frequency of 
\,,ill indicate \vhether 
characteristic of 
coincidental 
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7. ST.\TE SELECTED ION-iiDLJ:CULJ: REACTIONS: Hz + He 
i\~D II"z A\!D Dz 

S. L. Anderson, D. Gerlich, F. A. Houle ancl 
Y. T. Lee 

One of the most serious problems in the 
tation of i.on-molecule reaction is that in 
many cases, the ionic reagent is formed in a distri
bution of excited states. Often this distribution 
is poorly characterized. A case in point is the 
simplest molecular ion, Hz. Hz fonned by electron 
bombardment is highly vibrationally excited, Hith 
typical estimates of the average internal energy of 
0. 5 (Ref. 2) to 0.9 (Ref. l) eV. 111is 
in the vibrational state distribution makes analysis 
of low energy reaction data difficult sometimes 
obscures the reaction dynamics~ and comparison 
with the extensive theoretical-" literature almost 
impossible. 

The use of photoionization allows preparation of 
ions with 1vell characterized vibrational state 
distributions. of C:hupka and 
coworkers4- 5 and more lw Tanaka, 6 have 
demonstrated that the · of H~ 

:., 

dramaticall v lvi th the vibrational state. Hmvever, 
these experiments have rather limited energy range 
and resolution and have been carried out for 
few systems. There is a need to extend and 
our knmvleclge of internal enerov effects on reaction 

o( ionic systems. o, 

We have recently completed construction and 
of a novel experiment for 

cross sections of an ion molecule reaction. Bv 
using a combination of photoionization and 
guided beam technique of Telo1'' and Gerlich, we 
are able to a state selected ion beam \vith 
very narrmv energy ( < 25 meV). The 
ions are reacted 1vith the neutral s11ecies either lw 
passing them through a cell (low resolu·
tion), or by crossing them \vi th a molecular beam 



(high resolution). ;\ll and product ions 
are co11ectecl bv the ion guide and subsequentlv 
mass analvzecl and counted lw a Dal\' detector. lVe 
have necu· unit collection a;1cl detection efficiency 
independent or mass and thus directly measure 
integral cross sections. 0lorc experimental clctai l 
1vi ll be given in a subsequent paper. !!ere 1ve 

preliminary data obtained this 
nstnnncnt. 

This is an variant 
of exothermic reactions. There 
is some controversy, ho11•ever about the mechanism 
of the reaction at low 2 Experiments to 
elate have not resolved this of the diffi-
cul ti.es outlined above. The + Ilz reaction has 
considerable s theoretically since it 
is easy to , and there is a great 
deal of experimental data. ,2 We have studied the 
reaction channel for collision from 0 to 
6. 3 cV for the first hve vibn1tional states. 
Figure l sho11rs an example of the ra1v data. The 
pd mary beam transmission ftmction and the cross 
section ror !lz (v=O) + n2 + D2Il+ + H are shmm. 
The sl0\1' rise of the transmission is not 
indicative of the energy spread of beam, but 
rather of a discrimination against sl01v trans-
mission at jtmction of the segments of the ion 
guide. This skews the energy scale at energies 
below 0. 5 eV. ;\ computational technique for 
correcting the is W1Cler development. 
The shape of the cross section for v=O is typical 
of that for the other vibrational. states. However, 
close comparison of the cross sections reveals some 
important differences. Figure 2 shmvs the cross 
sections for v=O through 4 for a nwnber of energies. 
These \''ere obtained by fixing the collision energy 
and the ionization wavelength and thus 
the vibrational state of the Hz. Cross sections 
here have been corrected for the actual vibrational 
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Fig. I. PrLmarv beam transmission ftmction and 
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(XBL 79ll-l2754) 

population.s, but not for averaging clue to Dz target 
motion. Several trends are clear. At lmv energies 
the cross section decreases as v increases. As 
the collision energy increases this effect rapidly 
dies out and is replaced by a strong positive 
effect at ~3 eV em. This effect has been observed 
qualitatively previously,4,6 ancl as a 
change from a complex mechanism at low E to a direct 
reaction at higher energies. This seems Lmreason-. 
able in light of the lack of a deep 1vell in the H~ 
potential surface, and the low reduced mass of the 
system. We are presently measuring the cross 
sections for the dissociative and charge exchange 
channels and the vibrational dependence of the 
branching ratio between proton transfer and H atom 
transfer in the rcacti ve channel. Hopefully a more 
coherent picture of the H:j: system will emerge when 
the interplay between the different channels is 
known. 

lf!2~· The llz + He been the subject 
of many e:>qJerimental and investigations. 
Chupka and coworkersS have measured cross sectlons 
for Herr+ and It formation over the range 0 to 10 
volts (lab). Figure 3 sho1vs our data for the 
dissociative channel as a function of collision 
energy and vibrational state. i\grcement 1vith 
Chupka' s data is excellent. 

Calculations on the !!; + l-le + + !-! reaction 
have predicted the existence of resonances i~ the 
total cross section as a flmction of energy. In 
our crossed beam mode of operation we have suffi
cient resolution to observe features separated by 
only ~20 meV. lVe arc plcmning to study this reac
tion at high resolution in the energy range around 
l eV and look for fine structure. 
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Fig. 3. Relative cross sections for Hz for various 
vibrational states and for Hz formed by 100 eV 
electrons. (XBL 79ll-12753) 
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8. 1\!0LECUL\R BL\:.I STUJ) [J:S OF 'f1lL RE\CTIO:.l Dl''\L\ii!IC:S 
OF f + Hz, Dz t 

C. C. !Iayden, R. K. Sparks, D. ~!. Ncumark, 
K. Shobatake andY. T. Lee 

The reaction of fluorine atoms 1vi th hydrogen 
molecules has attracted c::xtensive 
and theoretical attention in the:: past and W1Cloubt
edly 1vill be very important to the detadcxl W1der
standing of reaction dynamics in the future. The 
calculation of a limited ab initio potential energv 
surface:: for this reaction has bec::n carried out.l 
The basic features of this surface were adoptc::d 
in the determination of more:: complete semienmirical 
potential energy surfaces ll'hi.ch have been used in 
classical ectory studies,2,3 onc--climc::n--
sional scattering calculations,4, and recent 
three-dimensional quantLUn calcula tLons. the 
one-dimensional quantLUn mechanical calculations a 
sharp resonance in the production of HF (v=2) \vas 
predicted at a collision energy of ~I kcal/mole. 
This sharp enhancement of the production of !IF 
at a specific collision energy 11·as not observed in 
the three-dimensional calculations, although a 
similar resonance phc::nomenon is evident as the 
collision energy is varied at a fixc::cl reactant 
orbital angular momentLUn. The eATJerimental obser· 
vation of these resonance phenomena via their 
effect on the state and angular distribution of 
the products could provide a very test 
of the accuracy of the theoretical calculations. 

We have measurc::d laboratorv veloci tv 
and angular for the F + i-1 2 and F ~ Dz 
reactions at several collision energies. The 

were perfonned by crossing 
beams of Hz or Dz with a high temperature (~700 C) 
beam of fluorine seeded in , and detecting 
the IfF or DF product as a function of around 
the collision center. The collision energy \vas 
varied by adjusting the liz or Dz nozzle temperature. 
Velocity distributions of the products were deter-
mined from time-of- measurements. The 
information was then used to construct contour 
maps of the center-of-mass product distributions. 
This was done with a fon,,arcl convolution procedure 
where trial center-of-mass and angular 
distributions were used to laboratory 
angular and distributions for · 
comparison with experimental data. The trial 
functions 1vere then adjusted lmtil a satisfactory 
fit was obtained. 

The center-of-mass angular distribution for HF 
product from the F + 112 + IIF + If react10n at colli 
sion energy of 2.0 kcal/mole is sho1m in 1. 
The distributions clearlv peak along the relative:: 
velocity vector for products formed in each vibra
tional state, and the peak direction corresponds to 
bach.rarcl scattering of product wi. th respect to the 
direction of the incident f1 uor ine atom. Very 
similar results \verc obtained for the F + Dz -> 

DF + D reaction at the same collision c::nergy. 
TI1e center- of- mass for llF product at 
a collision energy of 3.17 kcal/mole is sh01v11 in 
Fig. 2. The distributions for products in imlivicl
ual vibrational lc::vels at this energy seem to be 
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completely decouplcd. The products in v=l and v=3 
peak in the backward direction, but for product v=2 
the intensity remains high as the center-of-mass 
angle decreases, and even shows a sideways peaked 
relative maximum. The dramatic change in the 
center-of-mass angular distribution for product 
fonned in v=2 at 3.17 kcal/mole compared to that 
at 2.0 kcai/molc is consistent with the reactive 
resonance phenomenon predicted by the three-dimen
sional calculations of Redmon and Wyatt.6 In that 
study it was shown that the effect of the resonance 
is to change the dependence of the reaction proba
bility on reactant orbital angular momentum, and 
hence the collision impact parameter. 1\'hile at 
low collision energies c~z kcal/mole) the reaction 
probability for v=2 product is predicted to peak 
at zero orbital angular momentum, for collision 
energies around 3 kcal/mole the probability is 
calculated to peak at non-zero orbital angular 
momentum. This is what we observed experimentally, 
at the higher collision energy more v=2 product 
scatters at smaller center-of-mass angles, indicat
ing that it resulted from collisions with non- zero 
impact parameter. Thus our results qualitativeJy 
agree with the calculation of Redmon and Wyatt.6 

Several further experiments arc plam1ed on these 
reacti vc systems. Figure 3 shows data on the F + Dz 
reaction at 4.51 kcal/molc collision energy. This 
data has not been fully analyzed, but a surprising 
feature is immediately apparent. The sharv peak at 
small lab angles probably indicates a large degree 
of correlation between reactant and nroduct orbital 

momentum. This feature of the reaction will 
be very interesting to study in more detail. In 
addition, we intend to extend the range of collision 
energies studied for both the F +Hz and F + Dz 
reactions, as well as improve the resolution of 
the experiment, by reducing the collision energy 
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spread. 1\'c arc also in the process of s:mthcsi.zinQ 
Ill, in order to study reson::mcc features in the 
F +liD reaction. 
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9. DY:\A\IICS OF THE REACTIO\ Li + HF _,. LiF + II 

P. 
J. 

C. II. Becker, P. W. Tiedemann, 
and Y. T. Lt;e 

.<. 

A crossed molecular beam studv of reactive and 
nonreactive of Li(Zs)· + llF(lL:+, ha5 
been carried out at collision energies ranging from 
approximately 2 to 9 kcal/mole w1der single colli-
sion conditions. A far motivation hac; 
been to provide experimental results for a future 
test of ab initio and potential 
energy surfaces (PES) and reactive 
computational methods. Li + HF is a good prototn1e 

tem because of the simplifications of dealing 
onlv light atoms, only one reactive product 

channel, LiF + I-I, and only one PES at collision 
up to ~o. 5 eV. A ab initio and 

semiempirical PES have been reported for LiFI-!.1,2 
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Another more complete ab initio PES has 
been carried out.3 These studies shmv the existence 
of an exit potential energy barrier relative to the 
!IF zero point vibrational encroy for breakino H 
atoms from LiF. At a bent conf.iouration theoheioht 
of the barrier of LiFH is smalle~t and is calcul~tecl 
to be 6.35 kcal/mole.3 

The crossed molecular beam apparatus employed 
this has been described in detail previouslY. 
Supersonic beams of Li atoms and HF molecules are 
crossed at 90° in a liquid \2-CQoled collision 
chamber maintained at ~1. 5 X 10- 1 Torr. The super
sonic Li atom beam is produced by seeding in a rare 
gas carrier. The Li source consists of a tantahun 
reservoir with a gas inlet tube and a tantahun 
nozzle tube. The reservoir and the nozzle arc 
radiatively heated to a temperature of 960 C and 
1150 C, The second beam is pure HF 
at room temperature. The I-IF nozzle is a resisti 
heated nickel tube, maintained at 380 C to prevent 
Hi: dimer formation. 

Angular distributions of reactivclv scattered 
LiF and nonreacti.vclv scattered Li ar~ measured in 
the plane defined lw· the two beams as a ftn1ction of 
lAB scattering angl~ 8, measured from the Li hecun 
by a triplv differentially pumped rotatable electron 
bombardment quadrupole mass spectrometer, kept at 
~lo- 10 Torr. Product velocitv distributions at 

selected 
tion time 

determined bY a cross correla
teclm i_que. S, 6 

The angular distributions recorclccl at m/e 
a "hump" in the data at clue to 
tation of reactivelv scattered in the ionizer. 
The other dominating feature is the nonreactive 
sea ttering of Li at small angles. Rainbmv struc
ture is observed at the t1vo lm,cst collision 

From the analysis of these nonreac
tJVe a best fit 
v

0
(R) potential is derived (c 

1~11 = 4. 34 ~) . The labor a tory 
I(8) of LiF are shown in 

= 0.46 kcal/mole; 
angular distributions 
l for the four 

four 

. 
>
I--
U5 
z 
w 
0 

r::t: 
w 
m 
2 

z 

l. 

I (8) at the arc obtained 

I~~ 

1000 m/sec 

7 

HF 
t 

_ _l_j 
80° 90° 

LAB SCATTERING ANGLE, (8) 

Laboratory distributions o[ LiF at 
The solid lines arc calculated curves. 

(XBL 7910- 4572) 



from the reactive "hum;)" in the m/ c 7 meclsuremcnts, 
because the LiF signal Has very lmv as a result 
of the his;h fragmentation in the ionizer. The 
low Ec data show a bimodal structure indicating 
fonnation of a complex living comparable or longer 
than a rotational period. This disappears at higher 

1vhere the distribution shows a 1veighting tmvarcl 
direction. Data have been analyzed to 

obtain the center-of-mas.s (c.m.) nrocluct distribu
tion. A forward convolution tria·l and error 
teclmique6 is used, in whi.ch the c.m. angular and 
energy distribution is input as a trial ftmction. 
The corresponding laboratory angular and velocity 
distributions are then calculateJ from it and 
compared to the experimental data. The initial 
trial function is and the process repeated 
tmtil a fit is obtained simultaneously 
to both the TOF spectra and the distribu- · 
tion. The final result of the is a c.m. 
product flux contour map. The are shmvn 
in 2 and 3 for tHo Ec The fonvard-backward 
symmetry at Ec = 3.0 kcal/mole indicates that this 
reaction is proceeding through a long-lived complex 
at low collision energy, while at higher the 
reaction shifts toward a more forward 
!'In estimate of the integral reactive cross 
oR has been carried out by using the small angle 
elastic scattering data to calibrate the apparatus. 
The values obtained at = 3.0 and 8.7 kcal/mole 
are oR= 0.80 'A2 and oR= 0.94 'A2, respectively. 
The small size of oR speaks strongly in favor of 
the existence of a barrier for this slightly 
exoergic (L\H = 1.1 kcal/mole) reaction. However, 
the fact that LiF formation has been observed in 
this work for a collision energy of ~2 kcal/mole 
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Fig. 3. Contour map of LiF flwc in the center-of
mass system produced in the reaction Li + HF at a 
collision energy of 8. 7 kcal/mole. 

(XBL 79ll-l2647) 

raises the questions of both the accuracv of the 
barrier and the importance of h)rdrogen 

tunneling. 

* * * 
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10. CHEMILlJJI1INESCENCE l\['-.ASUREMENTS FOR THE 
REACTIONS OF FLUORINE ATOMS WITH I 2, ICl Ai'ill Brz '!' 

C. C. Kahler and Y. T. Lee 

Orbital symnetry arguments have been used for 
many years to explain the lack of in 
systems that are energetically allowed. For the 
reaction of Iz + ~IF* ~IF, the results of 
Birks, Gabelnick Johnstonl indicated that the 
mechanism may involve a four-center reaction in 
violation of symmetry rules. The chemihmrinescence 
was fm.md to increase l inearl v wi.th both I 2 and 
pressure ancl transitions from'both Ir:(J33TT0) and 
IF(A3111 ) were observed. Johnston, et al., suggested 
that e1ther an atom recombination mechanism or a 
four center reaction mechanism \Vas responsible for 
the observations. Coggiola, Valentini and Lee2 
studied r2 + (as well as F2 + ICl and HI) in 
a crossed molecular beam machine. Their results 
indicated that the four center reaction is not the 
major reaction chmmel. l\lost of the reaction 



proceeds through a trihalogen intermediate. They 
detected 121·, Cll r: and Ill F \1'i th reaction thresholds 
of 4, 6 :md ll kcal/mole, , and for 12 
ancl 1C1, the\' lound the production o fF at higher 
collision , 7 and 21 kcal/mole, respec-

product channel such as I + IF + F 
opens up. product cllstributions Here not 
fonvanl- backward S)lmnetric as \Yould be expected 
of a four-center reaction. The experiments we have 
just completed on lz + Fz combine the molecular 
beam approach 1d th photon detection to provide a 
bridge betweGn the two experimGnts cl i.scussed above. 

the chemi ltuninescence molecular hGmn 
machine previous I:· described, 3 light from the 
reactions of lz, ICl cmd Brz 11·ith was measured 
as a function of collision energv, and 

pressure. The supersonic beam 
l!G, 1\r or a mixture of !le and Ar 

heated to 700 !\ to produce collision 
2-20 kcal/mole. ;\ chopper on the Fz source \vas 
used \\'ith a gating circuit and dual channel scalar 
to extract signal from backgrmmd The quasi-
ef[usive source for 12 , ICl and Brz ~Vas also heated 
to prevent condensation of the gases in the nozzle. 
The data near the threshold for the reactions of 
I TCl + are shown in 1 and 2. 

7 

cnergr scale represents a cross 

3.38 
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Fig. 2. Energy dependence of the total signal for 
ICI + Fz near reaction threshold. (XBL 7912-13569) 

section weighted mean of thG collision energy 
spread in the beams. The curve going through the 
points represents a fit of the data to the following 
equation for the reaction cross section, 

o cc (l-E/Et) 0· 5 (Ref.4), 

1vhere E is the collision energy and Et is the 
threshold energy. Et = 3. 4 kcal/mole for Iz + Fz 
and 5 .l kcal/mole for ICl + Fz. If we include 
contributions of in temal energy (with the as sump
tion of relaxation of the translational and rota
tional degrees of freedom and no vibrational 
relaxation in the beam e:\"[lansion) we obtain 
thresholds of 4.6 and 6.1 kcal/mole, in good 
agreement with Valentini et al.' s thresholds for 
production of I zF and CliF. 

Figure 3 shows the relative energies of the 
molecules involved, using Valentini et al.' s values 
for IzF and CliF. No level for Br2F is indicated 
because it has not been previously observed. We 
expect to obtain an estimate of its relative 
to Brz + when an analysis of the data 
complete. 

The agreement of our threshold values with those 
of Valentini et al. , implies that the light-emitting 
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Fig. 3. Energy diagram indicating relative 
stabilities for species in the reaction F + X, 

, ICl, Br2. All energies arc in kcal7mole. 
The values for trihalogen stabilities are from 
Ref. 2. (XBL 7912-135 70) 

products are related to the production of I2F and 
CliF. In the case of + ICl, our threshold value 
also matches the of ICl + f2 ClF + 
IF(A), so the agreement vith the ClH threshold 
could be fortuitous. \Ve also observe the same 

off of the signal at high collision 
that Valentini, et al., observed for 

The signal was fmmd to be linear with respect 
both I 2 and Fz pressure 1vhi.ch rules out six center 
reactions (as observed by Herschbach5) or react1on 
of lzF produced by the beam collision reacting 
subsequently with backgrotmd F atoms. IzF + 1··2 + 

IP~ + IF + F is energetically inaccessible. l~e 

propose that, although the formation of l + F 
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is the major reaction channel, the light produced 
by a reaction of I2F (or CliF) 1vith the ne1vly 
released, but still loosely associated F atom in 
a secondarY encounter. This allo11'S excitation of 
either n:(\) or IF(B) for I2 + F2, as observed by 
Johnston,l but IF(!\) or ClF(A) (1vhich has not 
been previously observed) near the threshold of 
IC:l + Unfortunately, our Has too lo11r 
to allow the chemiltu11inescence to be dispe rs eel and 
the species identified. The fact that Valentini 
et al., did not see IF at lmv collision is 
not since this ligh;;-proclucing reaction 
\\ith a cross section of 0. OS )\ is a minor branch 
compared to IzF production. 

* * '}: 
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11. ELASTIC SCATTERING OF !IF WITH Xe i" 

C:. I-!. Becker, P. lV. Tiedemann, J. J. Valent Lni, 
R. B. Walker ,t and Y. T. Lee 

The rare gas-hydrogen halide (RG-HX) interac
tions have been studied extensively as a simple 
prototype anisotropic interaction (see, e.g., 
citations in Ref. 1). Earlier work has been clone 
on Xe-flF by infrared spectroscopy of !IF trapped 
in a Xe matrix near 4 K, (Ref. 2), and measur3ments 
of gas phase mfrared llne~1dths and sh1fts. · An 
estimate of the Hell depth of the Xe-1-lF potential 
of ~ 0. 03 7 eV and of the Xe-f-!F separation~ of 3. 5 A 
(where V=O) are I-lmvever, further 
tion of Xe- I-IF is 1varrantecl because the interpreta
tion of the matrix vibrational band cLLsplacements 
are model dependent, infrared linewiclths and shifts 
are not quantitatively reproduced, and because 
Xe-HF is an extreme of the RG-IIX class Hhich has 
received intense study. 

lVe have measuredl total angular distributions 
I(B) (including both elastic and inelastic contri
butions) of HF(lz+) scattered off Xe(1s0) by the 
crossed molecular beam method at collis1on 
of 0.044 and 0.153 eV in an attempt to further 
understanding of this interaction. The 
and techni~ue used has been described in 
elsewhere. The I (8) show rainbow aml supermnner-
ary rainboll' structure, \1'ith diffractive oscillations 
being just resolved in the low energv data. 
are in Fig. 1. A spherically 
symmetric potential Vo(R) is fit to the data with 
\vell depth and minimLUn position 0. 016 eV and 3. 77 )\. 
Using this Vo(R), four model potential surfaces 
V(R,y) are constructed and calculations 
are perfonnedl employing the sudden 
approximation. 6 The calculation treats Ilr as a 
rigid rotor and uses a collision energy of 0.044 eV. 
The calculations emphasize the role of the initial 
rotational state as \vell as the effect of the type 
and of anisotropy of V(R,y) upon the total 
and state-to-state center-of-mass differential 
cross sections. In , it is foLUlcl that 
\\'hen V (R, y) is o ttracti ve for one limited 
range of atom-diatom orientations, the elastically 
scattered rainbow is shifted to larger 
compared to the raLnbo11' from Vo (R) ~ if 
the i.nitial rotational state hr> = 0. For hn = 1 
and 2 the V(R,y) scattering tends to resemble that 
For Vo(R). Results \1'hich shm1' this e(fect (Fig. 2) 
also indicate that the rotational state of a 
molecule can have a profound influence on the clo/dw, 
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fig. l. Experimental angular distributions I(El) 
(solid circles) of IlF scattered off Xe at the 
nominal collision The solid line 
is calculated from the 
symmetric potential 
of Ref. l). 

in I 
(XBL 7812-14109) 

and that as the molecule rotates considerably 
during the collision time the spheriGllly 
description of the interaction becomes more useful 
- d1ich is phvsically intui ti vc. 

Because the j in distribution in the r-n~ beam is 
not well characterized, and because it is shmm 
that verv similar total differential cross sections 
at one c;1ergy can be generated from ivelv 
different V(R,8) \vith similar Vo(R) even for th~ 
same j in, conclusions about the Ilr anisotropv 
of V(R,y) from I(8) arc precluded. I!mvcver, the 
extracted Vo(R) is thought to be realistic based 
on the consistcncv of fits to the t\vo I (8) at 

di(fcrent collision 
Fig. l) and the likelihood of a 
rotational temperature of the I IF beam clue to 
heating of the nozzle source. 
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12. CLOSE-COUPLINC S'JUDY OF !11\LOGE:-J ( 2P) + R\RI CI\S 
(1S) SCATTERING! 

. 1' C. H. Becker, P. Casavccchia, R. L Olson, 
W. i\. Lester, ,Jr.§ andY. T. Lee 

There is considerable need for ground state 
interaction potentials for rare gas- hal ides (RG- X) 
because of the development of RC-X ultraviolet 
lasers and for the theory of tenno locular recomb ina-
tion of these systems , e.g., citations in Ref. 
l). Although these states are not accessible 
to standard optical spectroscopy i.t is possible 
from crossed atomic beam experiments to 
measure total differential cross section 1(8) and, 
\\'here the data arc adcquc1tc, to extract the 
potentials from this data. l (8) have been measured 



Cor F(ZP) scattered off :\e, Ar, Kr (Ref. l) and Xe 
(Ref. ZJ and for Cl (2P) scattered off Xe (Ref. 3) at 
several coLLision in a w1iversal crossed 
beam apparatus.4 astic approximationl-3 
apnropriate to !lund 1 s coupLing case (c) has been 
cmploved to derive the potential X 1/2, I 3/2 and 
II l/2 ar from the X(2P) + RG(lS) interaction. 

ln order to test this elastic anproximation and 
obtain information on intra and intennultiplet 
transitions cunong RG-X, quantum mechanical coupled
channel (CC) computations have been carried outS 
for the F + Ar, Xe and C1 + Xc systems employing 
the potentials previouslv clerivecll-3 from the 
measured [(8). The multichannel Schri:idinger equa
tions, derived in a space fixed frame, arc solved 
numerical bv the log-derivative integration 

b . h . . SJ to o tcnn t e scatter1ng matr1ces . 
Differential cross sections for j .. ,. j 1 transitions 
are constructed from the S in the 
helicity representation. 7 Integral inter- and 
i.ntrcunul tlplet changing cross section are expressed 
conveniently in telllls of Grmvert 1 s B (j , j ' ; g) coef
ficient. 8 Infollllation on the collision dynamics 
is extracted by following the partial wave depen
dence of selected B(j,j 1

; g). Classical turn1ng 
point is, based on the values of the large 
£-Haves for which these partial wave contributions 
Br (j, j 1 

; g) begin to rise above zero, leads to the 
conclusion that both intcnnultiplct m1cl first order 
forbidden intramultiplet transit1ons are caused by 
a single localized nonadiabatic coupling region at 
the posHion of complex crossing of the r2 = 1/2 
adiabatic Small ampll tude oscillations 
or in the CC calculated differential 
cross sections do /cluJ and in the e:A"jlerimental I (8) 
arc thought to be excunplcs of Sti.ikelberg oscilla
tions, though quantitative agreement between these 
quantities is not obtained. Comparison of the 
do/dlJ derived bv the CC ond clastic methods were 
carried out at energies chosen to coincide with 
nominal laboratory collision Erel· The 
calculated do/dw were converted to the lab frame 
and the results are shmv11 in Figs. 1 and 2 for the 
F + Xe system for tNo eli fferent Erel· Agreement 
bet\vcen the C:C: m1d elastic I (8) for both these 
coil ision energies is good. Good agree-
ment is obtained also for F + and Cl + Xc. This 
close agreement bet~~·een the I (8) computed hv the 
C:C and clastic methods shmvs that the simple single 
channel anproach to these RG-X three channel 

problems is useful for extracting 
realistic V(R) from cxverimental I (8). Use of 
realistic V(R) then makes the coupled channels 
calculation meaningful for comparison or prediction 
of es. The validi tv of the 

approximation is supported also bv its 
abi l i t1· to corroborate accurate spectroscopically 
determined for F-Xc (Ref. 2) ancl Cl-Xe (Ref. 
3). This is expected to allow a 
valid l (8) s also For the Br- and I -RG 

presently lmcler in our 

!Brief version of lBL-8533. 
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Fig. l. Comparison of F-Xe I (8) derived by CC and 
elastic methods for Erel = 0.456 eV. Arbitrary 
scaling is employed. (a) CC result \vi th no angular 
averaging. (b) Elastic result 1"i th no angular 
averaging. (c) Angular average of curve (a). 
(cl) Angular average of curve (b). (XBL 78ll-12996) 
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RESEARCH PLAl\JS FOR Ci\LE:.JDAR YLAR 1980 

Crossed molecular beam studies of the reaction 
of oxygen atoms with w1saturated hvdrocarbons will 
move from aromatic to aliphatic hydrocarbons as 
well as alkyl radicals in the coming year. Inves

of the initiation processes of combustion, 
especially the formation of H02 by high energy Oz 
collisions with hvdrocarbons and the reaction of 
alkyl radicals with o2 Kill also be carried out. 

The dynamic resonance phenomena in 
reactive will be further pursued by 
obtaining the translational dependence of 

reactive cross sections state-selected 
+ He and by measuring the 

branching ratio of the + HD 
reaction. These resonance phenomena will provide 
the most test of the accuracy of potential 
energy surfaces and calculations which 
1vill become available in the near future. 

With a ne1v single frequency ring laser, reactions 
of excited molecules \vill be carried 
out under single collision conditions. The effect 
of vibrational rotational excitation in these 
molecule-molecule reactions will be of particular 
interest. 

A nc\v apparatus will be constructed for the 
investigation of the infrared absorption snectros
copy ancl for measurement of the heat of fonnation 
of radical molecules. Infrared absorntion spectra 
of radicals will be obtained with the molecular 
beam method us photoionization detection of IR 
laser excited The heat of fonnation will 
be derived from the threshold energy of vibrational 
energy controlled Wlimolecular decomposition of 
complex ions which produce radicals and protonatcxl 
molecules as products. Proton af fini tics cleter
mi.ned in previous e::qJcriments will be the key 1vi th 
~Vhich to obtain the heat of fonnation of radicals. 

Interaction potentials of bromi.ne atoms ,,·i th Kr 
and Xe will be studied from the measurements of 
elastic differential cross sections. These open 
she 11 systems wi 1l be compared with corresnonding 
closed shell Kr + Kr and Kr + Xe systems in order 
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to w1derstancl the subtle differences between 
van cler Waals forces and 1veak chemical forces. 
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1. CONFOP.:\!P\TlONAL PREFERENCES AND ELECrRONIC 
STRUCTURES OF Ni (Czii4) z Al\JD Ni (C2H4) 3 t 

Russel ~!. and Henry F. Schaefer II I 
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One of the most remarkable organometallic species 
synthesized in recent years is the tris(n2-cthcne) 
nickel(O) molecule. This was the first transition 
metal complex prepared in solution with ethylenes 
alone as its ligands. In 19'73 Fischer, Jonas, and 
Wilke prepared Ni (C 2H4) 3 in a diethylether solution, 
which was fotmcl to be pale yellmv in color. Upon 
crystallization from solution at 195 K they obtained 
colorless, needle-shaped Fischer, Jonas 
and Wilke assumed the molecule to have the "planar" 
D3h structure seen in . 1 and reported nuclear 
magnetic resonance and spectroscopic data 
consistent Hi th this assumption. ~lore recently the 
analogous Pt(C2H4)3 molecule has been synthesized 
by Green, Howard, Spencer, and Stone. 

Two other experimental reports of tris(n2-ethene) 
nickel(O) have appeared since the pioneering synthe
sis of Fischer, Jonas and Wilke. In the first, 
Atkins, McKenzie, Timms and Tumey made Ni(C2H4) 3 
in an ethylene matrix in the course of preparing a 
nwnber of pallaclitml complexes. Even more recently, 
Huber, Ozin, and Power made Ni(C2H4) 3 at 15 Kin 
C2I-I4 and c2I-I4/ Ar matrices. Ozin and co-workers also 
prepared the simpler members :'\i (CzH4) and Ni CC2Il4) 2 
of the series cmcl obtained infrared and visible 
ultraviolet spectra for all three molecules. 
Primarily on the basis of Rosch and Hoffman's 
theoretical work, Ozin assigned as Ni(cl) c2H4(n*) 
the electronic transition at 280 nm (mono), 250 nm 
(bis) , and 236 run ( tris con~Jlex) . In addition, 
these workers demonstrated the weakly bound nature 
of Ni(C2H4) 3 by observing that the fragmentation 
react Lon 

Ni (C2H4) 3 + Ni + 3C2H4 

occurs at about 2'73 K. 

Over the past five years, ab initio studies of 
transition metal complexes have in several cases 
nicely complemented e:>q)erimental findings. I-Imvever, 
it cannot be realistically stated that 1vork to elate 
compares with the spectacular successes achieved 
for molecules composed of atoms smaller 
than neon. This gap between reliability of theoret
ical predictions for hydrocarbons (for examflle) 
and those for organometallic systems is clue to a 
very practical problem--the basis set problem. 
for first-row molecular systems it is usually 
possible to approach rather closely the Hartree
Fock limit by adopting successively larger basis 
sets. In this way, all errors remaining at the 
self-consistent-field (SCF) level of theory may 
accurately be ascribed to the effects of electron 
correlation. Once chemically correla-

*This work was supported bv the Division of 
Chemical Sciences, Office of Basic Energy 
Sciences, U.S. Dept. of 

PLANAR UPRIGHT 

. l. Geometries of the "planar" pert) and 
upright (right) geometries of tris(n -cthene) 
nickel(O). (XBL 793-874'7) 

tion effects are identified, these may be 
ically treated through successivelv more 
configuration interaction (CI) procedures. 

For no real (i.e., experimentally characterized) 
organotransition metal complex has the Hartree-Fock 
limit been reasonably approached to elate. Probably 
the closest approach to elate has been that of 
Bag us for the ferrocene molecule Fe (C:;l-!5) 2. The 
only signifi.cant deficiency of their ferrocene 
basis set ,,~as a third set of cl ftmctions, needed 
to allow the expansion of the 3d orbital relative 
to the isolated transition metal atom. Here we 
report ab initio SCF studies of the confonners of 
Ni (C 2H4J2 and Ni (Czii4) 3 us large 
and flexibly contracted basis sets. 1\'e should 
concede at the outset that there are still notable 
absolute differences betHeen the present SCF 
energies and the (unlmmm) exact Hartree- Fock 

However, major differences bet1veen the 
present relative energies (conformation differences, 
electronic excitation energies, ioni.zation poten
tials) and experiment should be p6marily clue to 
correlation effects. 

Three types of contracted basis sets 
were used in conjunction 1vith restricted self
consistent-field theorv. The middle basis set mav 
be labeled Ni(l4s 9p 6d/10s 6p 3d), C(lOs 6p/6s 3],), 
1!(5s/3s) and is perhaps the most con~1lete basis set 
used to elate for an e.ATJerimen tally knmvn organa
transition metal complex such as Ni(C2!14)3. The 
chosen basis comes very close to reproducing the 
exact 1-lartree- Focl<: term for the nickel 
atom. For Ni (CzH4) 2 the (D~cl) and "planar" 
(Dzh) confonnat10ns are predicted to lie energeti 
cally 1vithin 0.1 kcal of each other. For the 
Ni(Cll4)3 complex, hmvever, the planar confonnati.on 
lies ~24 kcal lmver than the upright form. 
Surprisingly, for the positive ion Ni(C:2H4)3, 
the energetic of conformers is reversed, 
with the upright form lying 2.4 kcal lower. 
However, this result h'as readily explained in 
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terms of the \\'alsh-Llke diagram, Fig. 2. 
lo11est Dzh triplet state of \:i(C:2II4 ) 2 is. of 
s\·nunetn·, and a munber or other electrontc 
,,ere also The ionization potentials 
of both mo lccules ,,·ore predicted and large de via
tions from Koopman's Theorem \\'ere fmmcl. !llullikcn 
population analvses arc also reported (see, for 
example, Table l) and used to quaE tativcly 
discuss the clcctron.ic structures. 

tBricf version of lBL-8956. 
'~'Pennanent address: Department of Chemistry, 
Ohio State Univcrs , C:ollunbus, Ohio. 

Table 1. lllulliken populations for the planar and upright (sec fig. l) 
of Ni (C: 2II4) 3 . These results were obtained ,,•ith 

standard large bas1s set. 

Nickel 

s p d 

Planar 6.265 12.024 9. 371 

Upright 6.239 12.014 9.490 

Free c2H4 

Mulliken Charges Ni 

Planar +0.340 

Upright +0.258 

Free C2H4 

~--~---- ..... ~~~~~-

d orbital populations 

Planar 1. 930 

Upright 1.985 

.~~~~---------~·--~---~------

Carbon Hydrogen 

s 

3.261 

3.253 

3.221 

c 

-0.356 

-0.344 

-0.296 

l. 705 

p 

3.095 

3.090 

3.075 

H 

+0.150 

d 
xy 

+0.150 

+0.148 

d 
XZ 

1. 705 2.016 

1.977 1.977 l. 775 

s 

0.850 

0.850 

0.852 

d 
yz 

2.016 

l. 775 



2. 1,1-DlLLTIIJOE!liYLE\E: !\ GROU.\!Tl ST\TE TRIPLET 
OLEIT\ 1V 1TII )JL!\RLY FREt: ROTJ\T JON i\BOUT THE 
DOUBLL BO:\D' 

William D. Laidig and I F. Schaefer ITT 

In recent years Schlever, Pople aml their 
colleagues have made some remarkable predict ions 
conccrn_ing the tun geometrical structures 
of lithia ted hvclrocarbons. For , the 

7----,--~-
form of eli li thiomcthanc was predicted 
onlv a te\'' kcal/mole above conventionaL "tetra-
hec(ral" isomer. illore complete theoretical stucli es 
of CJ!2Li2 here at rl\llm have rcsolU1cb nglv confirmed 
this quali tativc prediction and the 
follo\\'ing order for clilithiomcth;;mc electronic 
states: 

planar 5.9 kcal 

tetrahedral 4.7 kcal 

planar singlet 4 7 • w kcal 

tetrahedral sino let 
b 0.0 kcal 

Although the above prccli.ctions arc probably sti 11 
only reliable to ±3 kcal, it is clear that there is 

of isomers and electronic states. 
~-the planar and 

singlet states is small, of the order 
of 1 kcal (from the planar side). 

In a second key paper 1\pc loig, Schleyer, Binkley 
and Pople (;\SBP) have predicted equallv unexpected 
properties for the olefin 1,1-clilithiocthylene. 
These results are, if anything, more important 
since related molecules have already been prepared 
in the laboratory. For example, the reaction of 
li thiwn atoms \\'i th C:Cl 4 at 800°C yields the product 
tctralithioethylene c2Li4 to the extent of ~60%. 
However, considering the remarkable structure 
predicted by J cnunis, Poppinger, Schleyer and Poplc 
for c3Li~, 

Li ~ __- C 
c-~ ~~ 

/ 
I 

Li Li 

_- Li 
c 

(l) 

it is not clear that C2Li.4 contains a "nonnal" C=C 
double bone!. :\more conventional I,l-clilithio
olcfin is probablv provided bv the reaction of 
2-methylpropene \vith n-butyllithilun and potassiLml 
t-amvloxi.clc. But the clearest experimental evidence 
for such a llthiatcd olefin comes from the research 
of !llorrison, Chung and Lago11'. found the 
reaction of isobutene \I i th gaseous lithium atoms 
to a ~2096 yield o.:C the 1,1-dilithio conlJ;otmcl 
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H'-.., 
c 

/ 
H 

~ CH
3 = C + Li(g) 

" 
/CH

3 
c (2) 

' Li 

In their paper i\SBP note that not onlv is the 
rotational barrier about the C=C double bond lO\v, 
but the triplet or perpendicular form may even be 
the true equi libritun geometry. Although ASBP note 
that the theoretical methods chosen artificially 
favor tri.plet states relati vc to singlets, the 
predicted s~1glet 

thought to be so large as to 
ground state for Cll?C:Li2. 
tally sig11ificcmt since it \1'ould allO\v identifica
tion of C:H2CLiz by matrix isolation electron spin 
resonance techni.ques. 

1Ve cons icler the ASBP predictions for 1, 1-clili th
ioetlwlene to be sufficientl v tmorthodox and the 
possibility of laboratory pr~paration of this 

sufficiently high to mandate further 
studies of this molecule. 

In the present \vork the pushed to 
essentially state-of-the-art of reliability 
through (a) extension of the basis set, and (b) an 
e;q;licit description of the e[[ects of electron 
correlation. In addition some qualitative aspects 
of the electronic structure of C:H2=CLi 2 are 
discussed in terms of dipole moments, Mulliken 
populations, and orbi. tal 

Geometry optimizations \vere carried out at the 
self-consistent field (SCF) level of theory using 
a basis better than double zeta quality: 
C(9s 5p ld), Li(9s 4p/4s 2p), H(4s/2s). 
The bond distances arc 1. 356 A 
(planar singlet), 1. 334 A (t\visted singlet), 
1. 322 /i. (planar tri.plet), ;;mel l. 323 A (twisted 
triplet), (sec F . 1 and 2). The analogous 
Li-C:-Li bond are 133.6°, 104.1°, 73.9°, 
and 7 5. 5°, \vhi.le the corresponding C- Li bond 
distances arc 2.000 A, 1.866 A, 2.106 A, and 
2.064 A. SCF theory the tvisted 
to be the ground state, follo\,'ecl 
the planar (1.2 kcal), 
(28.4 kcal), ancl planar (29.3 
effects of electron correlation \vere 
by configuration interaction (C:I) including 
and double excitations. The ordering of states 
unchanged, \vith the relative energies being 0. 0, 
1.4, 14.0, and 15.5 kcal. After Davidson's correc
tion for the effects of unlinked clusters, the same 
relat.ive become 0.0, 1.4, 10.5, and12.5 
kcal. 

tBrief version of LBL-9070. 
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3. Till G.\S I'IL\SI STRUCI1JRl S OF TR\"iSTTIO:\ !I!LTL\L 
Dll IYDPJIJL:S r 

Jean DemU)'l1ck'l' ancl llenrv F. Schaefer 1 II 

The electronic ancl molecular structures of the 
transition metal halides is an established area of 
research \vhere <m ammmt of experimental 

variations, thus 
theoretical studies on several of these 

molecules. C:onsiclerab ly less is lmmm about the 
transition metal lwclrldes and most 
studies have been ~-estrictecl to the monohvclricles 
illll. !Jm,cevcr the electronic structures <m~l 

energy curves of these are o[ 

clue to the may give into 
chemisorption, surface and catalysis, 
and several quantum mechanical studies have been 
reported for such systems (mainlv for diatomic 
hydrides). 

The ilil!n show that for the transi-
tion metal hydrides there is often a to 
maintain as high a multiplicity as possible, \vi th 
the 3c{' configuration of the metal atom 

tmchangcd during the fonnation of the 
molecule. In other ~Vords, the interaction bet\vecn 
the metal 3d orbitals and the hydrogen ls orbitals 
is fmmcl to be weak, probably because the 

d orbitals are localized within 
the transition metal atom and are to a significant 
degree screened by the 4s orbital. 

The main question He address in the present 
work is the prediction of the molecular structure 
of the clihydricles. If the 3cl;vr lsH interaction is 
weak for all the elements of the first transition 
metal series (Sc-Cu) then a linear geometry is 
expected for every Ifi'.IT·! molecule. This is based 
on a bonding scheine involving the interaction of 
the ls orbi.tals of the hydrogen atoms with the two 
4s-4p hybrid orbitals available from the transition 
metal (sec fig. 1). That is, in fact, \vhat Has 
Cow1d for :\iiH7 lw Guse, Blint and Kw1Z. They state 
that the ground state of HNiH is derived from the 
3cl84sz configuration on nickel and not from the 
3d94s1 configuration, because the 3c!Ni-lsH inter-
action is too h'eak. Further, reported a 
relativelY resistance of this molecule to 
Czv bending. 

Recent cryospcctroscopic experiments have 
that the w1knmm molecules 

and Crl!z in argon at 4 K are bent, 
bond angles ~120° proposed for both of them. 

AJ though it is well knmm that the geometries of 
matrix isolated molecules may differ from their 
gas phase structures, a bent structure for the 
lightest elements of transition metal series could 
also be ratiomlized on the basis of a stronger 

lSJJ interaction. For , there seems to 
be a consensus developing that Tir:z is bent. 

llcre '''C present the most sophisticated and 
complete theoretical work to elate on an ~ll!z species. 
llo\,·evcr, rather than out self-consistent-
field calculations on the transition metal 
clihyclric!cs, a more approach \vas adopted. 
1\'e decided to choose the molecule and construct 
an ab initio Walsh diagram from might be 
possible to precLi.ct the geometries of the entire 
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. l. Bond angle sensitive molecular orbitals 
for ~1Hz. (XBL 801 7825) 

series of transition metal dihydrides. ~!nHz is a 
good choice for the present study since it was the 
subject of a Weltner's recent spectroscopic study, 
lies halfway through the series, and is the first 
molecule for which each of the five transition
metal d-like orbitals becomes occupied. We later 
checked the validity of such a diagram by an 
explicit examination of TiHz, the MHz molecule 
most likely to be bent. 

A large contracted gaussian basis set 
[~!n(l4s llp 6d/9s 8p 3d), H(Ss lp/3s lp)] was 
used in conjunction with self-consistent-field and 
configuration interaction methods. These suggest 
that the 6A1 ground state of ~lnHz is linear. 
Further studies of the 3A1 state (one of several 
low-lying states) of Til-!2 also favor linearity, 
although this potential energy surface is 
flat with respect to bending. Thus it appears 
probable that most ~IT-Iz molecules, like the related 
~~2 , are linear. These results arc s~rumar-
ized . 2. 

* * * 
tBrief version of LBL-9509. 
fpermanent address: Equipc de Recherche N° 139 clu 

C:NRS, Univcrsite Louis Pasteur, 67008 Strasbourg, 
France. 
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4. SULfUR OXIDE: LOW-LYING BOUND )\!QLECULAR 
ELECTRONIC STATES OF SO t 

William C. Swope,t Yuan-Pern Lee, and 
Henry F. Schaefer II I 

Sulfur oXlde, SO, was first identified from 
B3z- _, x3z emission by 1-lartin in 1932 and later 
in a mnnber of systems by various techniques. 
This radical is believed to play an important role 
in the oxidation of sulfur and sulfur compow1els. 
However, it is still a molecule about which much is 
vet to be learned and for 11·hich oua1itv ab initio 
~alculations might contribute to 'an understanding 
of low-lying excited electronic states. 
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It is 11ell knmm that molecules 11·ith isoclec
tronic st>:ucturc clo not neccssarilv have similar 
potential surfaces for all clcctroni.c For 
instance, tho three l011est states o[ , 
a lLip, and b lz~, 

7
clissociate into t1m grmmd 

atoms, 0 (3P) + t.JeP). Quite clifferentlv, the 
ground state x3z- of the isoelcctronic molecule 
NF dissociates into gromcl state ntoms :\ c4s) + q2P) 
wh1le the a 1LI and b lz' states must chssoCinte 1nto 
N(2D) + rc!P) according to the lVi_gner-l\'itmer rules. 
This results in a slightly higher vibrational 
frequency (w

0 
= 1197 cm-1) for the b state than 

the grmmcl state (1141 cm-1) of NF. Such behavior 
would not be expected for diatomic molecules in 
which both constituting atoms have the same valence 
structure if the states considered correlate 1vith 
both grmmcl state atoms. For example, each of the 
X, a, and b states of Oz, , and SO are spectro-
scopically similar and thcv all dissociate into 
tHo 3p atoms. Hmvever, this s imilari tv may not 
hold for molecular states 11'11ich correlate 11·ith 
excited atoms. Furthennore, the loss of g/u 
svmmetrv in the case of heteronuclear diatomic 
m~lecules may result in a great extent of 
between certain electronic states. lienee, the 
potential surfaces of tho higher excited states of 
SO might be quite different from those of its close 
homonuclear companions, and o2 . SO serves as 
the best candidate for the study of these effects 
since s2 , o2 , and SO are 11·c11 studied 
experimentally and accurate ab initio studios of 
Oz and S2 are available. 

Six excited valence states of SO have been 
observed. The relative energies of those low
lying states of SO as 1vell as those for o2 and s2 
are listed

7
in Tab1e l. Among the six, only three 

states, B .)l:-, A -"IT, and b lz+ have been 1\ell
charactorizecl by accurate molecular constants. 

Table l. Comparison of experimentally determined excitation 
(T0, in cm-l) of o2, s2 , and SO for the electronic states 
studied in this work. 

02 so s2 

B 49358 B 31:- 41629 B 3c 31689 
u u 

A 3z+ 35007 A'l 3l:+ A 21971 
u u 

c \ 34319 A' 3L\ "-' 28400 A' 3/', 209 71+ 
u u 

1~- 1 -
"-' 2 7700 lc "-' 20250 c t_, 32664 c l: c 

u u 

b 1l:+ 13121 b ll:+ 10510 b "-' 8500 
g 

a 1LI 7882 a 
1

LI 6150 a 1LI "-' Lf 700 
g g 

X 0 X 0 X 0 



Although the a lLl state was observed lw an electron 
resonance (ESE) technique in 1966-, it 1vas not 

Lmti.l recently that accurate vibrational constants 
and the equilibriLun bond distance \\'ere determined. 
The energy of this state relative to the gromd 
state is still not knmvn. 

Lee am! Pimentel recently observed chcmillunine~ 
sconce, from the reaction of sulfur and 
atoms in c:rrogenic matrices 1vhich they gnecl 
to the c 1 z: + a lfl of SO with voo = 

2l, 363 em~ l. Tevault and Smardze11'Ski also observed 
the same emission as 1vell as a 1veak 
progression which was assigned to the A' 3tl + X 
of SO. However, obtained a v00 value of 
22,543 cm~l for the c0-a transition (clue to 
differences in vibrational munber assignments) 
and a v00 value of 28,400 ± 1,150 cm~l for tl1e 
A'+ X transition. The uncertainty of this latter 
value is quite large because of ~certainties in 
vibrational munber All the 
ments these two transitions were made 
on the estimated To values for the c lz: , 
A' 36, and states of SO obtained by simple 
(perhaps naive) scaling of corresponding To values 
of o2 and s2. 

By rationalizing the eli fferences bet1veen experi ~ 
mental values and ab initio studies of some well~ 
characterized states of Oz, SO, and s2 , we have 
obtained good estimates of the molecular constants 
for other low~lying electronic states based on our 
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ab initio studie:;. With these estimates 11'e hope 
that the assignments for the crYogenic matrix 
chemiluminescence can be verified, and furthermore, 
the correct molecular constants of these states 
can be determined. 

Self~consistent~field (SCF) ancl configuration 
interaction (CI) theoretical studies of seven 
lmv~ electronic states of sulfur oxide have 
been completed. The basis set 1vas of double zeta 
quality augmented 1vith polarization [Lmctions. The 
CI for each electronic state consisted of all 

constructed from single and double 
of electrons from the valence 

orbitals of the Hartree~Fock reference occupation. 
Spectroscopic constants as 1vell as dipole moments 
for each electronic state were predicted both at 
the SCf and CI levels of theory. Of particular 
signi iiccmce is the prediction of excitation 

and properties for three low~lvinrr states 
for experimental information is eith~r 
tmavailable or only very I_"eccnt available. 
These states the c )~ state Cfe = 28100 ± 300 
cm-1)+ the A' state (29200 ± 300 cm~l) and the 
A'' 3Ll state (30200 ±300 cm~l). These and other 
results are sLumnarized in Table 2. 

* * * 
t Brief version of LBL~ 9142. 
frresent address: Department of Chemistry, 
Stanford University, Stanford, California. 

Table 2. Comparison of theoretical and experimental results for SO. 

Number of c -lb -1 -1 State Method 
coy 

T A Configurations ~em r w ,em B e~cm \l,Debye e e e 

B CI, 2fref.+NO] 3098 48200 1.868 460 0.453 3.48 

CI, 2 [ref.) 3098 49500 1.818 570 0 ·'' 78 3.18 

SCF 17300 1. 7 30 820 0.528 1. 31 

Expt. 41888 l. 775 630.4 0.502 

A" 31:+ CI 231;9 26200 1. 797 680 0.489 l. 25 

SCF 18200 1. 735 810 0. 5 25 l. 32 

Expt. 

A' 3Ll CI 2615 25400 l. 789 700 0.494 l. 25 

SCF 17500 1.729 820 0.529 1.27 

Expt. 'V 28600 ± ll50 

1 -
c z: CI 2041 24400 1.788 680 0.494 1.24 

SCF 16700 l. 723 820 0.532 l. 26 

Expt. 'V 2 7900 

b 11:+ CI 898 12400 1.518 1160 0.686 L 76 

SCF 16400 l. 464 1350 0.738 2.10 

Green 17159 l. 83 

Expt. 10550 1.5004 1067.7 0.7026 

(Table cont 'd.) 



Table 2. Comparison oF theoretical and 

Number of 
State Hethod 

Configurations 
--~~-~-~-~----~-

a CI 959 

SCF 

Green 

Expt. 

X [CI, 2 ref.] 3098 

CI 1046 

SCF 

Expt. 

5. POTJ:~TIAL Ei'iTRGY IIYPJ:RSURFACL FOR THF PROTOTYPE 
M + HF REACTION: Li + HF + LiF + rrr 

~laynard ill. L. Chen and Henry F. Schaefer III 

The first chemical reaction to be studied using 
crossed molecular beams 1vas the K + l!Br svstem, 
investigated in 1955 Tavlor and Datz. In the 

25 years and many other examples 
of alkali a tom plus hydrogen halide reactions hove 
been the ect of related e;q!erimental studies. 
Considering central role of 1'1 + HX reactions 
in the development of chemical dynamics, it is 
surprising that no definitive quanttml mechanical 
study of such a potential energy surface has 
appeared. This is all the more in 
light of Herschbach's identification, no less than 
nine years ago, of the L i + I-IF system as a critical 
prototn;e. In the Proceedings of the Conference 
on Potential Surfaces in Chemistrv, 
I-lerschbach that "'\n initio calculation 
of (H, Li, F) 1voulcl be of interest bo-th to a 
ne1,1 species of 'hvclrogen bond' and to elucicla te 
the problem of the fi + K Br- portion 
of the surface to the regions involved in the 
'electron j Lunp' process.~~ 

A second goal o [' the nresent research 1vas to 
evaluate the , of three proposed- semi-
empirical potential surfaces for Li + I-IF -~ 
LiF +H. In particular, the Zeiri-Shapiro 
surface were to be found accurate, this would allow 
a fair amount of confidence in their 
energy surfaces for the other 01 + !IX 
(01 Li,Na,K,Rb; X= F,Cl,Br,I). Since 
alkaline earth plus hvdrogen halide reactions 
have often been compared \vi th the alkali a tom 
reactions, it '''ill also be of interest to compare 
the present Li + HF results ,,,i th those of Schor, 
Chapman, Green and Zare for collinear Be + Fll. 
However, the real driving force for our 
tion was the series of elegant molecular beam 
experiments nmv being carried out at il~~nm LBL by 
Lee and coworkers. These 
very complete description 
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T 
e 

'\, 

results for so (cont'd). 

·-~---

-1b -1 -1 
,em r A ()) ,em B e,cm )l,Debye e e 

7140 1.506 1200 0.697 l. 82 

8300 l. 460 1260 0. 7Lf2 2.23 

88l,8 1. 997 

6150 1. Lt889 1115.3 0.709 1. 31 

0 1.506 1150 0.696 1.99 

0 1. 499 1200 0.703 1. 95 

0 1.457 1350 0. 745 2.42 

0 J.l,SlO 1148.19 u. 7208 1.55 

and \vi th the theoretical results presented herein 
and dynamical studies which hopefully will follmv, 
should ultimately allow a comprehensive comparison 
between theory and experiment. 

I-Iere the three-dimensional potential energy 
h}1Jersur face for Li + I IF + LiF + II has been studied 
at the self-consistent-field (SCF) and confLgurati.on 
interaction (CI) levels of electronic structure 

\l'ith a mcditun-sized basis set that included 
functions. The "corner" of the 

reaction channel \vas first mapped (sec Figs. 1 
and 2) by calculation of a lattice of points; 
then further calculations were carried out to 
characteri.ze selected points along the minimLUn 
energy patlMay more precisely. The classical 
reaction enclothermicity was 2.9 kcal/mole, but 
1Vi th zero-point corrections, the reaction \vas fotmcl 
to be exothermic bv l kcal/wole. As the Li atom 
approaches the diatomic, it first forms a bent 
complex \1'ith 4. S kcal/mole of stabilization energy 
before the transition state. The latter, 
also bent \vith an of 74° ,,,as located in the 
exit channel and is to be 10 kcal/mole 
above the reactants. These stationarv points and 
relative are sketched in Figs. 3 and 4. 
Force constants, vi brrt ti onal frequencies and zero

of the complex and transition state 
1vere After zero-noint 
corrections to the state, the threshold 
energy for reaction 1vas reduced to 6.4 kcal/mole, 
d1ich 1vil1 probablv be further reduced to ~4 kcal 
by higher order correlation effects. Our results 
were compared \1'l th previous theoretical efforts and 
\11ith qualitative theories concerned 11'ith the transi
tion state:: angle ami its exit bias. i\ qualitative 
discussion of the dvncunics over the surface 

in terre la t io;1s hips bet11'een the 
, vibrat iona 1 energv and the Li Ill angle 8 

presented. 

'~-Brief version of LBL 10111. 
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8 ( Li F H) ~ 90° 8(Li FH)=I80° 

LL 

LL 
I 

I :r: 
:r: 0::: 

0::: <I 
<I 

0 0 

0 2 
.t.R (Li-F)- .t.R (Li-F) ~ 

Figs. 1 and 2. Contour maps of the CI potential energy as a function of 1\rLiF and 
8 fixed at goo and 180°, respectively. The distances are expressed in tenns of their in a. u. 
from the calculated diatomic equilibrium values. Thin contours are at 2 kcal/mole intervals, thick ones 
are at 10 kcal/mole and zero corresponds to the energy of the reactants Li+liF at infinite separation. 

REACTANTS 

COMPLEX 

TRANSITION 

STATE 

PRODUCTS 

0.932ll. 
Li e e e e F--H 

0.9421\ 

1.947 I
~H 

Li 

Li 

Li l.S05 1\ F • • • • H 

0 kcol 1.9 debye 

-4.6 kcol 3.4 debye 

10.0 kcol 5.1 debye 

2.9 kcol 6.7 debye 

Fig. 3. The geometry, energy and dipole moment 
of LiFII at points along the minlmlun 
energy pathwav from react<mts to 

(XBL 801 782~1) 

[ (XBL 798-3671) and (XBL 798-3669) J 

----zero-point energy 
-- Cl energy 

10 
I \ 
I \ 
I \ 
I \ 
I I 
I \ 
I \ 
I I 
1 9.95 I 
I L-,---
1 1.23 
I 
I 

<!) 

0 --r-·\ E 5 ...._ 
0 
<.> 
-"" 

w 5.80 \ 

2.92 

0 

R®acloni Transition Product 

Complex 

Fig. ~. i\ schematic diagram 
energies and the esti.matecl of 
the reactants, complex, transition state and 
products. (XBL 801-7823) 
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The critical role of organotransition metal 
carhcncs as cato Cor the olefin metathesis 
reaction has become finnlv established during the 
past three \'cars. lie expect to complete in 't980 
the first reliable theoretical study of a realistic 
metal car bene complex, (CO) 3:\i =CI-h. · DetaUecl 
comparisons 11i th the stable Ni (CO) 4 reference 
compound as hell as the "naked" car bene "ll =CI-h 
should be extremelr helpful in establi dio 
role of electronic factors in homogeneous 
ln a related vein, J. L. BeilllChamp (Cal Tech) 

made the remarkable cliscoverv that the 
naked ion P.h1Clfz is able to rcadi l y ex~hange its 

group '' i th one in ethylene. Thus there 
is nm,· an established e;q1erimental example of gas 
phase olefine metathesis, and \\'e plan to determine 
the detailed molecular mechanism bv Hhich this 
process occurs. The stability of silicon-carbon 
multiple bonds is of simultaneous interest to sur
Cnce l:hemists cmd phvsicjsts and to orgimomctallic 
chemists. 1 t no,,· appears that the evanescent 
silaethvlene molecule is nearly degenerate with 
its ly w1recognizcd isomer, methylsilylene. 

the 1980 calendar year, the precise energetic 
onsh i p kcal) between the t\,'0 will be 

established and the potential surface 
connecting and CJI3 -Sil-l be explored 
in detail. in 1vhich a major effort is 
planned is the interaction between small alwninum 
clusters (;\1, , J\13 , i\14) and organic fragments 
(C:, Cl-l, CI lz, etc.). Although ahuninwn makes 
up 8% of the 's crust and is of great techno-
logical importance, little is knmvn 
about its elemental chemistry. i\mong the manv 
questions of immediate interest, we ]11an to c~mpare 
the terminal bonded 

and bridcrino b h 

R 

isomers of alLm1imun carbenes. Finally, continued 
collaboration 1vith the Jlft\IRD experimental groups of 
C:. B. ;,loore (on the electronic spectrwn of HCOH) 
andY. T. Lee (reactions of atomic oxygen '''ith 
hydrocarbons) is planned. 
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3. Atomic Physics 

a. Low Atomic Physics* 

H. A. Shugart, Investigator 

l. OBSERVATION OF PARITY NONCONSERVATION IN 11 IE 
6 2r 112 - 7 2pl/Z TRlv\JSITION IN ATOMIC TIIALLIUM' 

E. D. Conunins, P. Bucksbmun, L. Hunter and P. Droll 

111o results of our first successful observations 
of nonconservation 1vere published in 
February 1979. In this work we investigated the 
transition 6 2pl/2 - 7 2Prj2 (292. 7 run) in atomic 
thallium, using a pulsed dye laser. The transition 
is forbidden Ml with a dipole ampEtude M = 
(-2.1 ± 0.3) >: ro-5 ieh/2moci measured by us 

Parity nonconservation causes the 6 Zpl/2, 
states to be admixed with 2sl/2 states. 

amplitude then contains an addi
tional El component c,J and this gives rise to cir
cttlar dichroism 5, clelLned by 

~+ 0 

0 + 0+ 0 

where o± arc the cross sections for absorption 
of 293 nm photons Hith ± helicity, respectively. 
Theoretical esti.mates of 6 based on the Weinberg
Salam model 

(2. 3 
-3 

± 0, 9) X 10 

for = 0. 25 where 8 is the Weinberg 
In order to measure c\ we employ an elec-
tric field E which cau2es Stark mixing of the 2pl/2 
states with 2sl/2 and D3/2 states. The transition 

proportional to E2 is thereby increased 
above Also, interference between the 
Stark transition amplitudes and the ,\1 and cp 
amplitudes the 7 Zpl/2 state, permitting 
the measurement of M and 6. The polarization of 
the 7 2p1; 2 state is itself measured by means of 
an optic~tl pumping in which the (allmvcd) 
7 2p1; 2 - 8 Zsl/2 (2 .18 v) is induced 
by means of a second laser, and f:luorescence 
of 8 Zsl/2 is observed. Our prelimina=-1 experi
mental value clexpt. = (5.2 ± 2.4) x 10- agrees 
in sign and magn1 tude with the Weinberg-Salam Model. 

Since the 
we have devoted 
stability, 
apparatus, ancl have 

* 

1vere obtained 
to improvement in the 

, and sensitivity of the 
examined very carefully possi-

cll1is work was supported by the Division of 
Chemical Sciences, Office of Basic Energy 
Sciences, U. S. Department of Energy. 

blc sources of systematic error. The following 
major steps cvere taken between January 1, 1979 
and the present: 

(a) An LSI -11 computer was installed to control 
the experiment and to analyze data on-line. It 
replaced the older, sl01ver, and more cumbersome 
PDP- 5. With the new computer we can analyze 
several correlation effects in the experiment that 
might lead to systematic errors. These effects 
were previously inaccessible to analysis. They 
have now been shown to be small. 

(b) A new thallium cell of simplified design 
with external pulsed electrodes has been installed. 
It yields much better signal-to-background ratios 
than the older cell (which had internal electrodes), 
because light scattering in the new cell is con
siderably smaller. 

(c) Production of ultraviolet light by frequency 
doubling has been stabilized by improved doubling 
crystal temperature control. 

(d) Various changes in infrared beam optics 
have resulted in much more stable infrared excita
tion from the 7 2P1;2 to the 8 2sl/2 state. 

(e) Improvements have been made in the vacuum 
system, to prevent deterioration of lenses and 
windows at tho very high operating temperature 
we must employ. 

2 (f) An attempt was made to analyze the 7 Pl/2 
polarization by excitation to the ll Zs112 state. 
In spite of much effort lasting six months this 
attempt ultimately failed, and was abandoned. 

The improved apparatus is now in use and 
extensive data have been obtained to examine 
possible sources of systematic error. We have 
satisfied ourselves that these are all within 
acceptable limits, and we are proceeding to obtain 
final parity data. 

_,. 
* * * 

Brief version of Phys. Rev. Lett. _Ill, 343 (1979) 
and Phys. Lett. 60A, 96 (1978). 

2. NEW EXPERitviE:N1'S IN PARITY NON-CONSERVATION 

E. D. Conunins, P. Bucksbaum, L. HunterandP. Droll 

The 6 2Pl/2 - 7 2P3/2 transition ln tha1liun, 
which occurs at 2844 A and can read1ly be excited 



by our pulsed UV laser oscillator-amplifier, is 
also a very interesting candidate for parity non
conservation studies. The component 6 2p1; 2, 
F~O - :- 2p3/2' F~l is an Ml transition (with a 
small El amplitude Ep due to parity violation). 
In contrast to the case 6 2pl/2 - 7 Zpl/2 where 

the /vll amplitude is very small, the 6 2r 112 - 7 
2P3/2 

Ml amplitude is quite large (calculation predicts 
1vi "" 0. 04 lJo, where Po is the Bohr magneton) . Tims 
the Ml transition is much larger than background, 
and circular dichroism can be observed directly, 
without the necessity of using an external electric 
field. TI1eory predicts the circular dichroism Ci 

to be 

2 Im(M*t:p) 

IM I 2 
+ I Ep 1

2 
-6 

""L 5 X 10 . 

A com~lication is that the transition 6 Zpl/2, 
F~O - 7 P3;2, F~2 cannot be resolved from the 
desired F~O - F=l transition, since these are 
separated by a frequency difference of only 600 iYIT-lz, 
considerably less than the Doppler width of either 
line. This is a serious difficulty, because the 
F=O - F=2 line is pure E2 with a strength 100 times 
that of the F=O - F=l component. We have devised 
a method for separating these 2 components, however, 
which involves use of a second laser. The experi
ment has been designed and the apparatus is vir
tually complete. We expect to be able to observe 
the 6 2Pl/2 - 7 2P3/2 transition for the first 
time before January 1980. 

Experiments using external magnetic fields and 
linearly polarized light offer another approach 
for detecting weak interaction effects in atomic 
physics. We have devised an entirely new method 
for observing parity nonconservation in the 6 2Pl/2 
- 7 2p1{2 transition. This method utilizes an 
exter11a magnetic field for state selection and 
linearly polarized light instead of circularly 
polarized light to excite the transition at 2927 A. 
The advantages are as follows: 

i) 

ii) 

Signal strengths should be enhanced by 
at least one order of magnitude. 
Possible sources of systematic errors which 
are very serious in the present 6 Zpl/2 -
7 2pl/2 experiment are largely eliminated 
in the new one. 

In the present experilnent parity nonconservation 
is observed by detecting the pseudoscalar term 
in the transition probability: 

k X E J h 
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where B is an external magnetic field, E is as 
before~ and e is the linear polarization of the 
light beam. 

We are optimistic about this new 
experiment and eagerly await the time when the 
necessary equipment has been built. At present, 
design is completed and constmction of the 
necessary components is w1elerway. 

Additional eAlJeriments have been conducted 
utilizing Jbsorption of monochromatic laser light. 
\lie are now designing a novel but very simple 
experiment for studying the 6 Zpl/2 - 6 2p3/2 and 
6 2pl/2 - 7 2p3; 2 transitions in thallhnn wi.th 
our powerful pulsed laser amplifier. These rely 
simply on the difference in absorption of the 
atomic vapor for left- and right-circularly 
polarized light, which arises from parity violation. 

3. FLUORESCENCE OF LASER EXCITED TRAPPED Li + 
lv!ETASTABLE IONS 

M. H. Prior and R. D. Knight 

We have extended our studies of the fluorescence 
of laser excited trapped metastable Li+ ions, by 
observing new transitions and making usc of a 
computer scanned narrow bandwidth dye laser to 
collect fluorescent response spectra. TI1e relevant 
energy levels of Li + are sh01vn in Fig. 1. \lie 
observe the fluorescence from the ls2p 3pl 2 
states excited by the laser beam from the is2s 
3s1 metastable level. An experiment to measure 
the radiative lifetime of this state was recently 
completed and utilized some of the techniques 
described here. TI1e transition to the 3p2 state 
lies about 60 GHz higher in frequency than that 
to 3pl; the nominal wavelength for either transi
tion is 5485 A. 

eV J 

5485 .8. E I 

-~--'6~~2 ~~ 

where k is a vector in the direction of the 2927 A 
light beam, E is the external electric field, J is 
the polarization of the 7 Zpl/2 atoms, and his 
the 2927 A photon helicity. In the new experiment 0 
the pseudoscalar tenn is 

[ ' B[ E X B 
Fig. 1. Energies and decay modes of Li + levels 
relevant to this \vork. (XBL 7912 ~ 135 '71) 



a) XUV Fluorescence from ls2p 3rJ, 
ls2 ls ~, 
~ 

Excitation of the been observed 
by detecting the weak at 202 /l. 
produced when th15se states decay directly to the 
grotmd state (ls"' ls0). In the case of 3p1 , this 
occurs with a branching ratio of 1/1200 (versus 
decay back to 3sl) via El intercombination radia
tion caused by a small mixture of lp1 character 
in the "3P1" >vavefuncti.on. For 3p2, however, a 
combinat.ion of hyperhne induced El and pure M2 
amplitudes result in a much smailer branching ratio 
(~1.5 x lo-S) for to the ionic ground state. 

We also detect of these states by obser-
vation of the scattered laser photons ("visible" 
fluorescence) ; because of the weak :A1JV decay of 
3Pz, this is the preferred method for this state, 
yielding a count rate some 104 times higher than 
the 1-1JV rate. 

The metastable ions are confined inside 
a radio-frequency quadrupole trap with a collision 
dominated lifetime of about 5 seconds. The XlN 
photons are detected by windowless CuBe venetian 
blind electron multipliers which view the trap 
through 800 ii. Al foils. 1110 scattered 5485 A laser 
photons are detected by a photomultiplier located 
outside the vacuum chamber containing the ion trap. 
A lens mounted inside the chamber focuses light 
from the trap volume out through a vie11rport onto 
an interference filter placed over the photocathode 
of the photomultiplier. Careful focusing and 
steering of the laser beam, together with a light 
baffle system in the entrance and exit anns of 
the chamber, reduced the scattered light from the 
entrance and exit windows to an acceptable level 
c~ 500 sec-1 photomultiplier count rate at a laser 
power ~10 mW). The frequency of the laser was 
scanned at variable rates over a range of 30 GHz 
under control of a computer based data collection 
system. The residual scattered light signal, 
collected when the trap was empty, was subtracted 
in alternate cycles from data collected with Li+ 
ions stored. 

111e most striking result of these studies is 
the narrow fluorescence response curves produced 
(fluorescence signal versus laser frequency) . 
These curves can be considerably narrower than the 
complex of blended Doppler broadened hyperfine 
lines one would expect from a normal absorption 
spectrum of a Li+ "gas" at the equivalent tempera
ture of the trapped ions. Consider the :lSl to 3p1 
transition complex in hi+ (nuclear spin I~ 3/2). 
There are three levels with total angular 
momentum quantum munbers F = , , 1/2 in both 
the 3s1 and 3pl states. This produces seven opti -
cal hyperfine transitions extending over a 
of about 30 GI-lz. The trapped ions have a 
Boltzmmm distribution of energies characterized 
by a temperature of several thousand Kelvin, 
yielding a Doppler \viclth of ~ 10 Gl-lz for each 
hyperfine line (the natural width is ~ 3. 5 lllllz). 
Thus one might expect a fluorescence response over 
a range of some ~50 Gllz in laser frequency (the 
laser "lineHidth" was ~50 lvll-lz). In fact we 
observe a near-Gaussian shaped signal with 
a full width of 5 to 10 Qlz depending on trap 
parameters) . TI1is effect is the result of optical 
ptnnping of the 3sl hyperfine states in an env.iron-
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ment (the ion and residual background gas) 
where the rel rate among the hyperfine 
levels is weak in comparison to the pwnping rate. 

T11is behavior can be understood by considering 
a simpler system which would exhibit the same 
effect. Figure 2 shows the hypothetical spectrum 
appropriate to an ion with a single pair of hyper
fine levels in the lower state and a single level 
in the excited state. Allowed optical transitions 
connect each lower level to the excited state. 
The rest spectrwn would consist of two lines as 
shown in the left portion of the An ion 
confined inside a trap ,,rill execute a complex 
periodic motion; this is a superposition of har
monic motions in the rf quadrupole trap, but the 
component of motion along the laser beam can be 
approximated as simple harmonic motion at a fre
quency and amplitude dependent upon the trap param
eters, ion charge-to-mass ratio, and total energy. 
The resultant frequency modulation of the absorp
tion spectrum for a particular ion energy is shmm 
in the right half of Pig. 2. 

Por the rest ion, a laser beam tuned to either 
transition frequency would quickly empty the cor-

l 
!I 

2 

t 

' ' I 
I 

\ 
I 
I 
I 

' I 
' 

-Ion ot Rest--+----osclllaling Ion-~ 

,_ 
Fig. 2. Absorption spectrum for three level ions 
at rest and undergoing simple hannonic oscillation 
parallel to the laser beam with velocity amplitude 
Vr,,:Jx· The Doppler effect modulates the absorption 
spectrum and allows quasi-continuous interaction 
with the laser when its frequency vL lies between 
the horizontal clashed lines. The solid portion of 
the modulated absorption spectrum indicates the 
lower level populated by complete laser pumping at 
each coincidence with vL. (XBL 7912-135 



responding lower level, transfc;rring its population 
to its non-resonant companion. 111e system would 
be optically pwnped and no more photons would be 
scattc;rc;cl unless the initial state were repopulated 
by some other mc;chanism or the laser were tuned 
to the opposite transition. Depending upon the 
relative strengths of the two transitions only 
a few transient photons would be during 
the pumping time. 

For the oscillating ions, the same brief 
pumping transient would occur over much of the 
range of laser frequencies between the; two rest 
valuc;s, yielding ncar zero time-averaged scattering 
rate. It is clear, however, that there is a range 
bet1vccn the two rest frequencies where the laser 
may cause sequential alternate pwnping of each 
lower lc;vc;l, a non-zero average scattc;red 
signal. 111is region is just the overlap region 
of the Doppler shifted resonant frequencies. 111e 
sig11al from a collection of such oscillators would 
be given by an average over the Maxwell-Boltzmann 
distribution of ion energies capable of interacting 
with the laser beam when in either lower level. 
T11iS produces a fluorescence response curve cen
tercel between the rest frequencies with a width 
which can be narrower than the Doppler width of 
either transition and the; separation of the two 
rest frequencies. 

A more general treatment of the fluorescence 
from <:m ensemble of atomic absorbers can be made 
by solving a set of rate equations for the popula-
tions of the levels involved. have found this 
useful for the case of the Li + - 3p J pumping 

111e equations are 

N 
1 

I (AJ.
1
.XJ. - I 6 B .. (v)N ) - r(N. - w.n) \) v 1J 1 1 1 

j 

:X:. 
J 

-AX. + I I cl B .. (v)N. 
J 1 v v 1] 1 

where the N1 and Xj are populations of the 3s1 
and 3pJ levels, respectively. A·i is the spontane
ous emission rate for the j + i transition (A = >~ 

l 
Aji). Bij (v) is proportional to the absorpti.on 
coefficient multiplied by the fraction of ions 
in the ith state capable of absorbing a photon 
of frequency v to make the i + j upward transition. 
Iv is the laser spectral intensity (intensity per 
unit bandwidth) and Civ is the laser bandwidth. 
n is the total nwmber of ions in the 3sl ±cvels 
and wi is the statistical weight of the i Lh level 
(L:wi = 1). I' is a relaxation rate which forces 
the populations to statistical equilibrium in the 
absence of laser pWJlping. We have found that it 
is appropriate to use in the Bij (v) ,_ a Doppler 
profiLe to represent the fract:LOn of 1ons resonant 
lvith the laser frequency for each i + j transition. 
'D1is is equivalent to averaging the system of 

2 over the MaX\vell- Boltzmann distribution 
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the additional proviso that the thennal relaxa
tion of the oscillation energy is rapid compared 
to the pwnping rate. 'I11is insures that a thennal 
distribution of oscillator energies is maintained 
for the collection of ions in each lower level 
separately. 

Once the 3r J level populations are cletennined, 
the fluorescence sigm1l is obtained by multiplying 
these by the clppropriate spontaneous emission rates 
for the radiation observed. For hi+ pwnped by 
the transition to 3p1 and observed via the 202 A 
intercombi.nation emission, the results of the 
steady state rate equation solution (all time 
derivatives set to zero) are sho1v11 in Fi.g. 3 for 
various values of r. The calculation was donG 
for conditions (trap panuneters, laser power) 
similar to a case experimentally studied, and plot-
ted on the same are thosG results. Because 
an absolute measurement of the fluorescence rate 
and laser frequency are not made, the cnnplitude 
and line center of the data have bGen adjusted 
to best agree Hith the calculated shape; this 
occurs for small r. 111e scale is known 
and no adjustment to it was made. The vertical 
lines indicate the Locations and relative absorp
tion of the seven hyperfine lines. The 
normal absorption line shape would be that obtained 
in the limit r +co; this curve would lie off the 
figure; hmvever, one can see the marked narrowing 
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Fig. 3. Fluorescence response from observation of 
202 A intercombination decay of 3pl hi+ ions. The 
curves are the steady state solutions for various 

relaxation rates r. 111e spherj_cal effec
well depth for the i.ons was 20 eV, and the 

ion temperature used in the calculations was 6440 K. 
111e vertical lines the location and rela-
tive strengths of the -> 3pl hy:perfine lines. 

(XBL 7912-13573) 



of the fluorescence signal by compnring the shape 
of the observed response to the curve for r = 104 
sec-1. 
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Fig. Observation of the 202 A fluorescence 
from +ions excited to the 3p2 levels (right). 
The signal is locnted about 60 GHz above the con
siderably stronger 202 A from 3p1 fluores
cence (left) in rough agreement with the 3p1 to 
3p2 (XBL 7912-

In . 4 is presented an observation of the 
v;ery 202 i\ fluorescence of the 3p2 state in 
1Ll +. 111e curve on the left is the fluorescence 
of 3pl similar to that shmm in fig. 3, after 
acquiring this signal (requiring about 10 minutes 
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frequency was increased 
for about one hour pro

the small resonance shape shm,1L TI1e rela
tive size of the two signals is in rough agreement 
with thnt expected. 
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-1 Fig. 6. The data of Fig. 5 and the r = 1 sec 
curve replotted (upper) together with the cor
responding 3s1 hyperfine level populations (lower) 
predicted by the steady state solution. 111e loca
tion of the hyperfine lines is shown in between. 
A prominent role is played by the non-pumping 
5/2 - 7/2 transition which contributes nearly all 
the signal and whose Doppler profile (frequencies 
> 0) is eroded by the pumping process for fre
quencies < 0. The dashed line indicates the 
Doppler profile matched to the high frequency side 
of the observed response. (XBL 7912-13574) 

b) Vis1ble Fluorescence from ls2p 3P2 in Decay to 
ls2p 3s1 (Scattered Laser Photons). 

In 5 \ve present the 5485 A fluorescence 
(scattered laser photons) from the 3p2 state of 

Fig. 5. Fluorescence response from observation of 
5485 A scattered laser photons following excitation 
of 7Li + ions to the 3p2 hyperfine level in 10 eV 
spherical well. T1le curves are steady state rate 
equation solutions for various amounts of relaxa
tion among the 3sl levels. TI1e shape of the 
observed response (points) is in agreement with the 
smallest relaxation rate. T1le location 
of the 3s1 + hyperfine lines are indicated at 
the top of the (XBL 7912-13575) 



7u+ when held in a 10 eV effective spherical 
potential well. The curves are the steady state 
rate equation solutions for three values of r. 
The curve for r 106 sec -l is essentially the 
nonnal absorption line shape. Tiw data shmvn have 
been adjusted as was done for Fig. 3 and agree 
best with the lowest relaxation rate curve. In 
Fig. 6 the same data are shmvn in the upper portion 
with the curve for r = 1. The lower portion shows 
the corresponding variation of the 3sl hyperfine 
state populations. For this case a special role 
is played by the 3s1 , F = 5/2 to 3p2, F = 7/2 
transition. TI1is transition does not contribute 
to the optical pumping since 3p2, F = 7/2 can only 
decay back to 3sl, F = 5/2. One notes that the 
peak of the fluorescence response curve (Fig. 6) 
is at the frequency of the 5/2 - 7/2 transition 
and that for frequencies greater than this value, 
the 3s1, 5/2 state is fully populated (3/2, 1/2 
are empty). It follows that the high frequency 
half of the response curve is due only to the 5/2 -
7/2 transition and should be that of the Doppler 
profile of this transition alone. In fact the 
high frequency half of the observed line shape 
is indistinguishable from a Doppler profile 
characterized by a temperature of 3100 K. This 
temperature is in agreement with results obtained 
previously from studies of the spatial density 
distribution of the Li+ metastable ions. The fall 
off of the data and rate equation solution below 
the Doppler shape (dashed curve) on the low fre
quency side is due to the switching of the 3sl 
hyperfine populations as shown in the lower portion 
of Fig. 6. 

* * * 

tBrief version of LBL-9757, and J. Appl. Phys. 
~' 3044 (1979) . 

4. HYSTERESIS IN SWEPT FREQUENCY FLUORESCENT 
RESPONSEt 

M. H. Prior and R. D. Knight 

In article 3 above, the data and calculations of 
Figs. 3, 4, 5 and 6 have all been addressed to 
the case of steady state fluorescence. That is, 
the laser frequency is steady, and its beam has 
interacted with the trapped ions long enough to 
establish a static population distribution. 
Experimentally this is carried out by holding the 
laser frequency constant for a fixed number of 
trap cycles (fill, store, dump), collecting 
fluorescence counts and stepping to the next laser 
frequency. The storage time is long ( ~ 1 sec) 
compared to the pumping time ( ~ 1 msec) so the 
steady state solutions are appropriate. In Fig. 1 
we show data collected from the 5485 A fluorescence 
from 3p2 hi+ ions when the laser frequency is 
scanned rapidly up and dmvn during the storage 
period. A marked hysteresis is observed in the 
fluorescence response curves which increases as 
the rate of scan is increased. This is a reflec
tion of the inability of the 3s1 level populations 
to reach the steady state distribution during the 
elwell time of the laser at each frequency. In 
this domain one cannot ignore the transient solu-
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Fig. 1. Hvsteresis in the 5485 A fluorescence 
from hi+ 3p2 ions for t\vo different laser fre
quency scan rates. The laser frequency was held 
at each point for the dwell time shmvn. The di
rection of sweep was dmvn for the solid circles 
and up for the crosses. (XBL 7912-13577) 
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Fig. 2. Transient rate equation solution for the 
artificial system shmvn in the inset. The solution 
includes a non-pwnping transient (3/2 ++ 5/2) 
and the dwell time at each frequency was about 
twice the shortest pwnping time. The upper curve 
shows the fluorescent response and the lower curve 
the 3/2 state population. The system starts at 
high frequency with a population 2/3 in the 3/2 
state, and the Doppler width used was 10 GHz. The 
arrows indicate the direction of the laser fre-
quency scan. (XBL 7912-13576) 



tion to the rate equations. We have not carried 
out the complete transient solution for the 

+ 3s 3P . . J l . l 1 + z trans1t1on comp ex, Jut a snnp er 
calculation for an artificial but analogous problem 
is shown in . Z. The system includes a non-
pumping transition 3/2 + S/2 analogous to the 
5/2 ·>- 7/2 transition in the 7Li+ ion. The solution 
starts at high frequency with the statistical popu
lation (2/3) in the 3/2 level and moves do1m in 
frequency as sh01m by the arrows. 'I11e results 
bear a strong resemblance to the data sh01m in 
Fig. 1. 

Brief version of Bull. Am. Phys. Soc. 24, 1202 
(1979) . 

RESEI\RCH PLi'u\fS FOR Ci\LEl\TIAR YEAR 1980 

With the first successful measurement of parity 
nonconservation in atomic thallium published, our 
efforts will turn toward reducing the eA.--perimental 
uncertainty of the published result and toward 
newly devised methods which promise complementary 
verification of the observations. Although the 
1979 Nobel Prize to S. Glashow, S. Weinberg and 
A. Salmn for their theoretical unification of weak 
and interactions was based upon 
experimental evidence gained in high energy parti
cle physics, ~t is extremely important to obtain 
supportive evidence in the l01v energy atomic 
physics region. Since thallium has thus far 
provided the best atomic physics test of the gauge 
theory , further investigations arc eon

very important for advancing understanding 
of detailed atomic structure. A number of dif
ferent eA.--perimental approaches are currently 
pursued and hold promise of yielding results next 
year. 

Recently experilJlents on the radiative 
lifetime of metastable 2 3sl Li +, a munber of 
curious phenomena 1vere observed when laser 
interacted with trapped ions. These have now 
shown to be related to both steady-state and 
transient optical of the Doppler broadened 
imuc spectrun. \\'i th far reaching consequences 
in the fields of ion diagnostics and ion 
spectroscopy via ptunping these effects 
are now being tmderstood Applica~ 
ti.ons of these pumping methods to ion spectroscopy 
seem straightfonvard and arc likely to receive 
wide attention in the future. 
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b. Atomic Physics* 

R. Marrus, Investigator 

1. RADIATIVE DECJW OF TIIT: 2 22P:'i/2 1/2 ST,\':ES IN 
LITI!HJliU .. IKE KRYPTON (Z=36) AND HiE 2s2p 
z3pl STATE IN BERYLLllJli!LIKE KRYPTON· 1

• 

II. Gould and R. ~!arrus 

The study of relativistic effects in three and 
four electron atoms has been a subject of consider
able theoretical effort with the aim of developing 
a tractable framework for accurate calculation of 
transition (;nergies and decay rates in high Z 
systems.l·ZL These techniques have been applied to 
the Lm = 0 transitions in lithiumlike and beryl 
liUJ11~ike ions and have yielded discrepant results. 

i'!easurements of wavelengths and lifetimes of 
transitions between low-lying states in which the 
principle quantum number does not change (Lm = O) 
provide a sensitive test of relativistic calcula
tions. The large but easily calculated Rydberg 
term is absent, while the relativistic corrections 
to the Coulomb interaction bewteen electrons repre
sent a significant fraction of the transition 
energy which rapidly increases at A. Radiative 
corrections also make a measurably large contri
bution to the binding energy of low-lying S states. 
In this paper we report measured values of the 
wavelengths and mean lives of the lin= 0 transi· 
tions to the ground states z2p3/2,l/2 + z2sl/2 in 
lithiumlike Kr+33 (A=36) and 2s2p 3pl + 2s2 ls0 
int~2combination transition in berylliumlike 
Kr+ which clearly distinguish between the dis
crepant ca.lculations. Krypton is the highest Z 
system for which measurements of these transitions 
have been made. 

Mean lives of the 22P3/2 l/Z + zZsl/2 and the 
z3pl + zlso transitions have previously been 
measured in lower Z systems by the beam foil tech· 
nique. HO\vever, wavelengths of these transitions 
have not previously been determined from bean1 foil 
measurements. (A critical compilation of wave
lengths for these transitions can be found in Refs. 
15 and 16.) 

Our measurements of the wavelengths and lifetimes 
in li thiwnlike and berylliumlike krypton were made 
by the beam-foil and beam-foil time-of-flight . 
teclmiques. A 5 x 10ll particle/sec beam of Kr8L~ 
at a velocity of 4 x 109 em/sec (8.5 MeV/amu) 
obtained from the Lawrence Berkeley Laboratory 
Superl-IIL!\C was passed through a 600 ug/cm2 carbon 
foil mounted on a moveable support. Photons 
from decays in flight of Kr ions emi ttecl clowns trean1 
from the foil were analvzed in a 2.2 meter 
incidence monochrometer' (McPherson model 
Details of the analyzer, detector, and some of the 
measurement teclmiques can be found in Ref. 23. 
The monochrometer was calibrated against the 

work was supported by the Division of 
Chemical Sciences, Office of Basic Energy 
Sciences, U. S. Department of Energy. 
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584.334 A, 537.0296 A, and 522.2128 J\ lines of neu· 
tral helitun, the :503.'7822 ;\and 256.3170 A lines of 
He+ and the 460.7284 i\ line of Ne+ from a static 
source lie and Ne. Calibration of the 
ins tnm1ental line shape 1vi th a 
detennination of the linear Doppler 
clue to bean1-monochrometer mi.salignment 1vas accom
plished using lithiwnlike iron lines (Ref. 24) 
22P312 -- z2s1; 2 at 192.03 /\ in first and second 
orcle'r and 22Pl/2 -- 22Sl/2 at 255.1 A produced by 
the beam foil teclmique. The setup, 
bean1 and accelerator ttme for the iron 

to the ones used in the Kr 

The instnunental line1\iclth Ls approximately 
7. 5 A/mm of slit ,,iclth, and the Doppler ,,·iclth 
contribution is about 0.5 A at 200 I\ for slit widths 
up to 1 nun. For entrance slit ,,,iclths of 0.1 nm1 
to 0. 4 nun used in wavelength deternrLnations the 
lineshapes of the static and moving sources were 
essentiall v identical. the He and Ne stand-
ards and a' linear Doppler correction 
obtained from either of the lithiumlike Fe lines, 
the second li thitunlike Fe line 1vas found to agree 
1vith the previously measured value to ,,ithin 0.1 A. 

Wavelengths Here determined from at least five 
scans over the spectral line; using .1 mm slits 
(1.0 A F.W.I·U!.) for the lithiumlike transitions 
and 0.2 mm and 0.4 nm1 slits for the 1veaker long 
lived berylliumlike . The 1vavelength 
and lifetime of the .. 22Sl/2 transition 
was measured 1n both ancl second order. 
Statistical errors in the wavelengths are the 
standard deviation of the mean of the multiple 
wavelength scans. Lifetimc:;s of the lithiumlike 
zZr312 state \\'as dc:;tenninecl from three curves, 

the z2pl/ 2 lifetime from two decay curves and the 
weak beryllitmllike z3pl lifetime; from a single 
decay curve. To accm.mt for quas1· 
systematic effc:;cts such as drift in the beam 
posit ion, changes in backgrmmcl and fo i.l cleteriora
tion ~Vhich \vould average out or sho1,· up as scatter 
if many decay curves were measured, \ve use as the 
"statistical error" of the lifetime measurement 
the or l. 2% \''hichever is greater. 

In addition to statistical errors the final 
errors include uncertainty in the Ethitunlike Fe 
wavelengths 0.05 A, calibration spectra measurement 
errors 0.03 A, beam velocity (l%) 
0.07 A, and the systematic uncertainties associated 
with the measurem~nt of the lithiwnlike 22P1; 2 
decay. A correct1 on of 0. 04 A 1s applJecl to the 
measurement of the 22P3; 2 -- z2sl/2 wavelength 

because the rapid decay of the 22P3; 2 state results 
in a contribution from photons Doppler 
shifted towards shorter The effect 
of hom higher statc:;s is asstmlecl to be 
negligible at this level of accuracy because the 
lifetimes of the higher levels that have 
initial populations are much shorter than 
22P3/2 and 2s2p z3pl states. 



In Table l measured values of 
lifetimes arc compared 11i th the various 
calculations. ALl of the 11avelcngths ca lculatecl 
by ab initio methods have been adjusted by clecreas-

the binding energy of the 2s state by U9'10 cm- 1 

to account for the one electron Lamb shift. This 
value is obtained by interpolation of cal-

II!ohr for ike a toms. Thcoreti-
for the 

transition by the 
of the electric dipole 
effect of core electrons upon the Lamb 
i.ng tenn of relative order and radiative 
corrections to the electric dipole matrix clements. 
In berylliumlike Kr 11•e also the effect upon 
the Lamb shift of configuration mixing. Without 
the Lamb shift included, no calculated wavelength 
in Table 1 would ,,rith our experiment. We 
1vish to this paper that Lamb shift 
effects in the lithium and berylliLun isoelcctronic 
sequences are not confined to high , and the 
existence of these effects are not of recent dis
covery; a deviation from relativistic theory 
having been established in J:cllcn 1 s 1934 mcasure
ment2o of the neutral lithium fine structure. 

i\mong the calculations, the relativistic HF 
calculations show consistent agreement with 
measured values of wavelengths and lifetimes. 
Deviations from in calculated lifetimes 
by other methods are largely the result of wave-
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length errors since the electric matrix 
clements have only small rel corrections 
at = 36. The small eli Herences in wavelengths 
among the different RHF calculations arise pre
clomi.nantly from the 1,ay in 11hi.ch the Breit 
interaction is treated. The Lifetime in Table 1 
calculated by the relativistic 
approximation (RRPA) uses tho lvave-

The value obtained the RRPA gene-
rated \,·ave length is shoi~"Il in parentheses. 

The Z expansion calculation [or the Li sequence 
yields wavelengths and lifetimes in agreement with 
measurement at Z = 36. i\t l01vcr the relativi_stic 

expans.ion IVavelcngths are of comparable accuracy 
to the HHF calculations, and are qui to close to 
l<HF Z = ~ 5. ;\t higher ho\\•ever 

result. This \1'oll be clue 
the Z expansion higher order 

relativistic corrections IVhich are contained in 
the R!IF theory via the Breit interaction. Z 
expansion results are less in 
ing the beryllilmllike lv<welengths. 

The semi 1vavelength values for Li-like 
Kr were obtained as an extrapolation to Ecl1en 1 s 
tables the formulas in Ref. 15. The agree-
ment of the semi theory IVith all measure-
ments in the Li isoclectronic sequences speaks for 
itself; hoiVever, extrapolations to higher Z will 
require a different formula for the Lamb shift. 

Table 1 ~avelengchs (angstroms) of the 22P
312

,
112 

225
112 

transition in lithiumlike Kr+ 33 and the 

2s2p 2 3 P 1 ~- 2s 2 215
0 

transition in berylliumlike Kr+ 32 

Theory 

ab-initio(with hydro genic Lamb shift of 13940 em 
-~~---~-----· 

relativistic Hartree Fock with relativistic 
Transition Hartree Fock relativistic corrections z semi empirical 
~-~--~ ·-~~-~~-

-~-~----

KD AFL Weiss a Cowan Ed lend 

Kr 
+33 2 2 2 P 3/2-- 2 5112 91 . 1 ± . 2 91.1 91. 2 93.6 93.2 91. 1 91.0 

22Pl/2--2251/2 17 4. 1 .3 174.0 173.6 182.7 184.6 173.6 1'73.7 

AFL/CJ Weiss b N5 

Kr 
+32 231' - 2L 170.0 .5 169.6 169.4 177.3 193. 1 176.8 167.2 169. (est) 1 "o 

KD - Ref. l and Y.K. Kim, private communication. c - this work. 

AFL - Ref. 2 and L. Armstrong, private communication. Ed 1 end - extrapolated from Ref. 15. 

CJ - ref. 3 and W.R. Johnson, private communication. Ed len e extrapolated from Pcef. 16. -

Weiss a - Ref. 7. 

\'leissb - Ref. 8. 

Cowan - Ref. 11. 

N5 - Ref. 9 
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2. CJli\l~GJ: Cll\NC;n;c; CROSS SJ:CTIONS FOR IIL\VY IONS 
Al' E".;FRCILS TO 8. 5 ille\'j.'u\!lfl· 

J. ,\lonso, D. Dietrich, and II. Could 

ln onler to obtain beams of very mass and 
accelerators must be capable of 

str j.ppcd hemry ions. ;\ 
des these accelerators is 

the vaculun [or beam survival; this depends 
upon the charge changing cross sections for colli
sion::; bet\''een beam ions and residual atoms. I-Im,•
ever, cross ::;ecti.on data in the energy range of 
interest arc nonexistent. To assist in 
detennining the vaculun requirements for the Bevalac 
vacuum improvement project, l'e arc the 
cross sections of SupcriiiLAC>proclucccl ions 
l!C·on (Z=lO) to zenon (Z~54) at energies from 3.4 
~leV/ann.! to 8.5 ~IeV/amu (.085 ~ v/c < .134) in nitro
gen go_s over a \,:ide range of incident states. 

This article reports our first values 
for single electron capture and loss cross sections 
for ions of argon, iron, krypton, and xenon at 8.5 
~leV/amu and for argon ions at of 3.4 ~leV/ 
amu to 8.5 lllcV/crnu. J\ schenmtic of the 

is shoM1 in Fig. 1. ions obtained 
Lawrence Berkeley Laboratory SuperHIL-1\C 

by a carbon foil and state 
the beam switch Once collimated, 

pass through a pumped 24 em 
long charge exchange chamber. The final states are 
analyzed in a homogeneous 18 kG \,rith 
an effective radius of 2 2 em and on a pos i-
tion sensitive proportional couJ1ter. At 
8. 5 ille\' I amu the states of argon is 
separated by approximately em. 

Ion charge states of atoms through Z=26 can be 
w1ambiguously identified by 
fully stripped ions (bo_re nuclei) of 
produced by a solid foil. i\ narrmv 
slit driven by a screw measures the abso-
lute displacement of the beam for each charge state, 

identification of heavier ions by match
ions or by 

Data arc collected by observing the relative 
number of ions the counter at each location 
corresponding to an ion charge state, as a function 
of prcs:oure in the exchange cell. The 

of peak heights to backgrow1cl is about 50:1. 

."" 
~)----'-~- -~ ~:---,'---;oc-~--1~, . .1 

// •:'re:• 

. l. Lxperimental layout at the Super! liLAC. 
(XBL 793-748) 



The sources of error 
ties in the cohmm densities 
charge exchange chamber, 

arc due to uncertain
of the gas in the 

exchange due to slit 
capture and loss , and double electron 

which is not as yet included in 
We estimate these uncertainties 

our data analysis. 
to be 209'. To test 

for gross errors we single electron 
up cross sections for and Fe26+ in 

pick
gas 

of (Erst measured by Bcrlmer et al.l). Our 
5.0 x 1o-l8 and 5.5 x lo-18 cm2/atom for and 
Fe26+ respect i vel v aoree \\'ell \vith Berlmer 's values 
of 5.6 and 5.8 x io-18 cm2/atom. 

Figures 2 and 3 and Table 1 show the measured 
vcloci ty dependence of the charge capture and loss 
cross sections in Nz of argon ions with five or 
fewer electrons, and Table 2 1 i.sts the measured 
cross sections for highly stripped Fe, Kr, and Xe 
ions at 8. 5 ~leV /amu in A more extensive data 

and of changing cross 
sections for heavier ions is in progress. 

'~'Bric·f version of LBL-8932, presented at the 1979 
Particle Accelerator Conference, San Francisco, 
California, March 12-14, 1979. 

l. K. !-!. Berkner, \V. C. Graham, R. V. Pyle, A. S. 
Schlachter, and J. \V. Steams, LBL-5991 (1977); 
also, Proceedings of lOth Int. Con£. on Phys. of 
Electr. and At. Coll. , Paris, July 1977, p. 542. 

lo-17 -· 
+13~+14 

+14-

+15-~ 
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"' 0 

"' lo-la 0 
E 
" "' E 
0 

+16 

f estimated error 

v/c ~ 

Fig. 2. Single electron loss cross secb.ons as a 
function of ion for argon ions in nitrogen 
gas. (XBL 793-900) 
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CAPTURE CROSS SECTION OF ARGON IONS (Zo 18) 
IN N2 

~ IQ-18 _ +18-+17 
E +17 -+16 

"' E 
u 

l eslimoted error 

v/c--

+16~+15 
+15-+14 

Fig. 3. Single electron pickup cross sections as a 
function of ion velocity for argon ions in nitrogen 
gas. (XBL 793-901) 

Table l. Argon charge changing cross sections m 

Cross Sections in Units of 
1o-19 cm 2/mo1ecu1c 

Velocity (v/c) Ion Capture Loss 

···--~~-~~------

l. 342 +18 10.3 
(8.5 MeV/amu) +17 8.0 3.7 

+16 5.4 4.3 
+15 4.8 18 
+14 2.3 31 
+13 52 

.1236 +15 ll 23 
(7. 1 ivleV I amu) +13 4.6 57 

.1113 +18 48 
(5.8 MeV/amu) + 17 33 .69 

+16 30 3.4 
+15 16 21.7 
+14 15 45.7 
+13 8 66.3 

.0846 +18 170 
(3.35 McV/amu) +17 140 .23 

+16 150 3.1 
+15 116 23. 
+14 63 43 
+ 13 53 86 



Table 2. Charge 
8.5 ~le\'/amu. 

cross sections in at 

Cross Sections in Units of 
lo-19 cm2/moleculc 

Atom Jon Capture Loss 

Fe (Z=:?b) +26 :; l. 3 
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Forbidden Transition in the L-Shell. i\n attempt 
will be made to observe liTI and F2 transitions of tl1e 
type = 0 in the L- shell vacancies of Ar+9 J\r+ 10 

Wavelengths and Lifetimes will bc'meas
ured. This experiment involves the first attempt 
to capture these ions in a trap. 

+25 27. ,[ 3 · 2 1979 PUBLICATIONS i\1\JD REPORTS 
+2:5 2 .9 8.0 
+20 ll. 4 ·fl Other Publications 
+17 9. 1 82 

+33 66 Kr (2=36) 2. 3 
+2 7 
+21 

21. 7 
.\. 5 

18.3 
94 

+·l6 120 Xe (Z=S4) 3. 3 
+41 77 
+34 36. s 
+28 

RESEARCH PIA\JS FOR C\LENDAR YEAR 1980 

16 
53 

177 

Fine Structure in the n=2 State of the Ilelium
like Ions. Ne11' teCJi:i11ques of ehm1natmg Doppler 
shifts will be eA11lorecl and precise 
calibration lines ''ill be 

Electron Capture into the Continuum by Fast 
ProJeCtiles. Fast, lu1ly-str1ppeCI 1ons passmg 
through a gas Kill give rise to ionization electrons 
with a continuous velocity distribution. These 
electrons exhibit a cusp at the of the in-
cident projectile. Precise measurements of the 

of this cusp will be made in order to test 
theoretical models based on the second Born approxi-
mation ,,·hich an as)~mnetry. 

will be the noble gases Nz 
of beam energies will be studied. 

l. II. Gould, R. ~larrus, D. Dietrich, and J. A. 
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January 1979. 

2. J. R. Alonso, H. Gould, and D. Dietrich, 
"Charge Changing Cross Section Ivleasurements for 
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at the Particle Accelerator Conference, San 
Francisco, March 1979 [Bull. Am. Phys. Soc., ~' 
173 (1979)]. 

3. R. Marrus and P. J. Mohr, ''Forbidden Transi
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1979). 
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1. Chemical 

a. Formation of Oxyacids of Sulfur from 

Robert E. Connick, Investigator 

1. TilE DIMERIZATION OF HS03 

Thomas M. Tam and Marc Lipshutz 

Values for the equilibrium quotient, Q, for 
the dimerization of bisulfite ion: 

Q 

2-
[SzOs l 

[I-ISO -] 2 
3 

were earlier measured using a combination of Raman 
and ultraviolet spectroscopy. The data have been 
refined thro~gh careful correction for the pre
sence of so3 - and so2 in the solutions and "best" 
values ~btamed for Q and the molar absorptivity 
of SzOs - The results differ slightly from those 
reported earlier. 

Measurements of Q made previously as a function 
of ionic strength, using sodium chloride as the 
principal electrolyte, have now been repeated for 
sodium perchlorate solutions. TI1e overall varia
tion with ionic strength is quite similar for the 
two electrolytes, although the Q values in the 
sodium perchlorate solutions are slightly higher. 
The close correspondence of the two results tends 
to confirm the conjecture made in the Raman and 
UV detennination of Q that the dimerization 
equilibriLTin, involving as it does only anions, 
would not be strongly affected by the other anions 
in the solutions. 

2. EXPERI!v!ENTS TO DISTINGUISH BET\\~3EN I-l-S03 J\J\JD 
so3-W 

Thomas M. Tam 

In previous work evidence was found for the 
existence in aqueous soluti.on of the bisulfite 
species with the proton attached to an oxygen. 
(The bisulfite species with proton attached to 
the sulfur is already well know11.) The evidence 
came from the number of lines in the Raman spectrun 
of bisulfite solutions. It seemed desirable to 
check this finding by other observations. 

One approach is to study the system under suf
ficiently different concli tions that the ratio of 

work was supported by the Division of 
Chemical Sciences, Office of Basic Energy 
Sciences, U. S. of Energy. 

the two species would be changed significantly. 
Variation of the ratio Hith temperature was dis
carded because the I'IH for the equilibrium would 
be predicted to be quite small, and the presence 
of Sz0s2- in the solution complicates the Raman 
observations. Instead solvents other than water 
1vere investigated. 

2-Salts of SzOs , the most convenient source 
of bisulfite ion, tend to be very insoluble in 
organic solvents, unless they contain a high con
centration of OH groups, such as in glycerine or 
methanol. Unfortu.'1ately such hydroxyli.c solvents 
are rather similar to watcor ··- that is why they 
dissolve the disulfites - and therefore appear 
not to produce large · the ratio of the 
two bisulfite species. were made to 
increase the solubility solvents by using 
large cations, e.g. cs+ N(C2H5)4+, but with 
no significant success. 

A number of measurements were made on the 
ethylene glycol--water system, 1Vith various ratios 
of ethyl~ne glycol to 1vater. At low water content 
the SzOs - species appeared to be completely 
absent. Unfortunately, the Raman spectnun of the 
bisulfite was complicated by that of the glycol, 
and definitive results were not obtained. 

RESEARCH PLI\,1\)S FOR CALEI'JDAR YEAR 1980 

There wi.ll be a continuing interest in the basic 
chemistry of fonnecl from sulfur di.oxicle 
in aqueous solutions. Research is under way on 
the rate of exchange of m.jgen atoms between 1vater 
and Hso3-, s2o5

2- and SOz in aqueous solution using 
the nuclear magnetic resonance of oxygen-17. The 
results should the mechanism of the ex-

infonnation on the mechanism 
- ancl the reaction of S02 

and IIS03-. Some further 
attempts will be made to confinn the existence 
of the t1vo forms of IIS03- in solution. Measure
ments will be made of the first and second ioni zn
tion constants of S02 in a variety of aqueous media 
in order to make available values of these impor
tant equilibriun quotients. The above chemistry 
is relevant to flue gas clisulfuri.zation by wet 
scrubbing methods, as well as to some of the 
reactions 1Vhich sulfur dioxide undergoes as a 
pollutant in the atmosphere. 

Computer modeling of a replacement reaction 
in the first coordination sphere of a metal ion 
is continuing, and some ne\V data on water sub
stitution will be obtai.nccl for comparison with 
theory. 
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b. Conversion of Coal to Clean and Gaseous Fuels* 

A. T. Bell, G. A. Somorja!, and K. P. C. Vol/hardt, 
Investigators 

1 . CJ\RBON ~!ONOXIDE HYDROGENATION OVER CIJJu\J 1\J\JD 
OXIDIZED Rl-IODILI;vl CRYSTAL SURFACE. COfUzFLJ\TIONS 
OF STRUCTURE, COMPOSITION AND RE!\CfiVITY 

D. G. Castner, R. Blackadar,ancl C. A. Somorjai 

CO hydrogenation at 6 atm over Rh po1ycrystal-
1Lne foil and single crystal (111) catalysts was 
investigated in a system where the surface struc-
ture and composition of the could be 
characterized both before and after the reaction. 
TI1e reaction concli tions (liz: CO ratio, reaction 

, surface pretreatment and gas phase 
were systematically varied to detennine 

the conditions for the formation of oxygenated 
hydrocarbons. Initially clean Rh catalysts showed 
no structure produced 
methane (90 wt %) at an rate of 0.15 
Jnolecules·site-l•sec-1 at 300°C, and did not pro
duce detectable amounts of oxygenated hydrocarbons. 
Preoxidation of the Rh (100 Torr Oz, 600°C, 30 min.) 
resulted in dramatically increased initial rates, 
a fraction of higher molecular hydro-
carbons in the product distribution, formation 
of methanol, ethanol and acetaldehyde, and some 
structure sensitivity. The different Arrhenius 
methanation preex-ponential factors and activation 
energies over the clean and preoxiclized Rh foils 
indicate the methanation mechanism is different 
on these two surfaces. Decreasing the reaction 
temperature or Ilz :CO ratio increased the Czll4 to 
Czll6 ratio, and shifted the product distribution 
toward the higher molecular weight hydrocarbons. 
The addition of l mole % of OlzOI-l, CI-!30!201-! or 
CzH4 to the :CO reaction mixture caused only 
a small increase in the fraction of higher molecu
lar Height hydrocarbons. 

* * * 

'Brief version of LBL-10018. 

2. HIGH RESOLlJfiON ELECTRON ENERGY LOSS SPECTROS
COPY (!!REELS) STUDY OF COz DISSOCIATION ON n!IODIUM 
SURFACES 

L. II. Dubois and G. A. Somorjai 

In order to show that carbon dioxide dissocia
tively adsorbs on rhodium surfaces, high resolution 
ELS and thermal desorption mass spectrometry (TDS) 
were to a study of 12co2 and l3co2 chemi-
sorption on the Rl1 (111) crystal surface. 
This combination of techniques allowed us to deter
mine the nature of the species while on the metal 
surface and after desorption into the gas phase. 
The chemiso1-ption of COz on Rh (111) at 300 K 

v:i.brational spectra identical to those 

This \vork 1vas supported by the Divisi.on of 
Chemical Sci.ences, Office of Basic Energy 
Sciences, U. S. Department of Energy. 

found for adsorbed CO at the same temperature. 
We expect the 1veak R11-0 s trctch from adsorbed 

to be hidden beneath the intense 
-carbon stretching_ vibration. We noted that 

isotopically labelled t3co2 dtsplayecl the proper 
frequency shifts upon adsorption. 1110 TDS spectra 
and LEED patterns of chemisorbed 12co2 and 12co 
were quite similar. Furthennore, 13co2 yielded 
only l3co clesorbing from the surface. We 

conclude that COz dissociates on rhoclitml 
surfaces to fonn odsorbed CO and oxygen. 

Brief version of LBL-8976. 

3. mE CATJ\UZED SURFACE REACTIONS OF CO i'\1\JD NO 
ON Rl!ODIUM CRYSTAL SURFACES, i'v'-JD ELS S11JDY 

P. Hansma, L. II. Dubois, and c;. 1\. Somorjai 

Conclusive evidence for a surface oxygen inter
mediate in the reaction of NO and CO to fonn Nz 
and COz over rhodium surfaces was High 
resolution ELS measurements indicated that both 
NO and CO associatively adsorb on the Rh (331) 
single crystal surface at 300 K. 01emisorbecl NO 
readily dissociated on this surface upon heating 
to 450 K. At 700 K (the reaction temperature at 
which a typical automotive catalytic converter 
operates) high resolution ELS and Auger electron 
spectroscopy both indicated that only OA)'gen was 
present on the surface. Nz desorption below this 
temperature \vas readily detected mass 
cally. Tile addition of CO to this oxygen 
at 700 K resulted in the fonnation of gaseous COz 
and the removal of this surface OA)'gen 
Similar results were obtained when Oz Has substi
tuted for NO as a control indicating that oxygen 
is indeed a surface intermediate under our 
mental concli t tons. 

4. SUPPORTED RUTIIENill\l CLUSTER C00!PLEXJ;:~ 1\S 
CATALYSTS FOR FISO-IER-TROPSCH S't'NTIIESIS 

S. Kellner, V. L. Kuznetsov, and A. T. Bell 

The preparation of supported metal catalysts 
through the use of cluster complexes offers the 
possibility of preparing high dispersion 
in which the metal is distributed in units of 
fined nucleari ty. TI1e present study \vas undertaken 
to characterize the structures formed by supporting 
Ru3(CO) , c;.-I-L]l\u4(CO)Lz,and Ru6C(C0)17 on y-i\lz03. 
The of these for Fischer-
Tropsch synthesis \vere also examined and compared 
\vi th those for Ru/Alz03 prepared by 
reduction of RuCl3. 

11w extent of Ru3(COh2 aclsoq,bon on y-Alz03 
is fmmd to depend strongly on the temperature 



at 1vhich the support has been dchyclrox-yl a ted. 
Infrared spectra of alumina-supported Ru3(C0)12 
suggest that the cluster is adsorbed as a result 
of interactions of the carbonyl Lig~mds 1v1th 
hydroxyl groups and Lewis acid si tcs present on 
the suppol't surface. Similar interactions arc 
proposed for alumina-supported -Il1]Rtq(C0)12 and 
Ru6C(CO)L 7 . 

Dccomposltwn of the supported clusters produces 
three structures, independent of the orig-

composition. The first structure 1s 
by bands at 2045-2050 and 1965-1970/ 

by [Ru(CO) 7x21n· The second 
arc charactcr.tzcxl by bands at 

2130-2140, 2060-2070, and 1990-.2000/cm and arc rep
resented by [Ru(C0) 3X2J

11 
and [Ru(C0) 4XzJn, rcspec-

ln each of tnc three structures, X 
sents an oxygen atom of the alumina lattice. 
nuclcarity of the surface structures, n, cannot be 
defined from the present studies, s1ncc it is not 
knmvn whether the metal lattice of the original 
cluster dGcomposes upon adsorption on the support 
or whGther agglomeration of clusters occurs. 

clecarbonylation of the Ru surface 
structures induces a stronger Ru-support interac
tion, which may lead to the Gntry of Ru ions into 
the support lattice and thG fonnation of surface 
ahnninatGs. TI1e al uminates arG not stablc:c, however, 
and the initial three structurGs can bG regained 
by hGating in CO. Upon reduction of the supported 
clusters in Hz at temperaturGs above 400°C, Ru 
microcrysta lli tes appear to be fonned. TI1ese 
particles are not stahle and the Ru is redispersecl 
into smallGr units if the sample is heatGcl in CO 
above Z00°C. 

J\n illustration of the distribution of hydro
carbons produced cluri.ng Fischer-Tropsch synthesis 
over Ru3/Alz03 and Ru6/Alz03 is sho\\~1 in Fig. 1. 
It is apparent that the product distributions for 
the two supported-cluster catalysts arc 
identical and that both distributions arc practical

indistinguishable from those for conventionally 
Ru/Alz03 The ratio of olefin 

for each carbon number is 
Fig. Z. While each 
different distribution 
it is again concludGd that 

are not 

A comparison of the turnovGr munbers for methane? 
formation are Ln Table 1. This measure 
of is observed to decLine with 
increasing ruthGnitun dispersion. A further cor
relation is observed with the ratio of CO to Hz 
adsorbed. These? data suggGst that very highly 
dispersed ruthenjum atoms or clusters do not 
contribute to Fischer-Tropsch synthesis and that 
it is only the largGr clusters or h tGs, 
bearing a more metallic character, which are active. 
Further evidence? this conclusion was 
obtained from in infrarGd spectra, \vhich 
shmved that COcnemisorbGcl on the metal 
participatGs in reaction but that CO chGmisorbcd 
on Ru atoms strongly with the support 
does not react. 

·i· 

tBrief version of LBL- 9669. 
Supported in part by NSF. 
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Fig. 1. Distribution of hydrocarbons produced 
during Fischcr-Tropsch synthGsis over Ru/Alz03 
catalysts. (XBL 7912-13722) 
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Fig. 2. Ratio of ole fins to paraffins in products 
obtained during Flscher-Tropsch synthesis over 
Ru/Al 2o3 catalysts. (XBL 7912-1 
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Table 1. Effect of Ru dispersion on methane actlVity. 

H/Ru .. CO/Ru ~ CO/H 

1.3% Ru/Al
2
o

3 
0.92 l. 94 2.10 l. 26 X 10-3 

1. 0% Ru
6

/Al
2
o

3 
1.18 2.00 1.69 1. 6 7 X 10- 3 

3.0% Ru/Al
2
o

3 
0.54 0.81 1. so 7.13 X 10-3 

11.1% Ru/A1
2
o

3 
0.30 0.31 1.03 11.98 X 10- 3 

Reaction conditions: T p 10 atm 3 

S. I~NDROGENOLYSIS OF ETHER LINKAGES IN COAL~ 
RELATED MODEL CQvJPOUNDS CATALYZED BY NICKEL Al\ID 
NICKEL SUlFIDE IN THE PRESENCE AND ABSENCE OF ZINC 
01LORIDE+ 

D. P. Mobley and A. T. Bell 

TI1e hydrogenolysis of ether linkages is an 
important process occurring during the liquefaction 
of coal by Lewis acid catalysts. As a model for 
these reactions we have investigated the hydrogeno~ 
lysis of benzylic ethers in the presence of ZnClz. 1 
1ne results of that effort have suggested that 
hydrogenolysis proceeds via on ionic mechanism 
and involves the release of benzylic carbonium 
ions during the early stages of reaction. These 
ions cannot be stabilized by hydride transfer from 
molecular Hz and, instead, react with aromatic 
centers to from higher molecular weight products 
and tars. To preclude the formation of these lat
ter products we have investigated the effects of 
using metallic Ni in conjw1ction with ZnClz. 

Table 1 sununarizcs the products obtained from 
reactions of dibenzyl ether in cyclohexane solution 
using either ZnClz, Ni, or a ZnClz/Ni mixture as 
the catalyst. It is evident that while ZnClz 
effects a complete conversion of the ether, an 
insoluble resin is the pri.mary product. Nickel 
catalyzes the conversion of dibenzyl ether to 
toluene and benzyl alcohol but is not as active 
as ZnClz. By combining Ni and ZnClz,it is possible 
to obtain a very high conversion of ether to 
toluene and minimal tar fonnation. TI1ese results 
suggest that ZnClz promotes cleavage of the ether 
while Ni facilitates the transfer of hydride ions 
to benzylic carboniwn ions. By combining both 
catalysts a synergistic effect is achieved. 

Under coal liquefaction conditions it is ex
pected that Ni would be converted to NiS. As a 
result, an investigation was performed of the 
activity of NiS for ether hydrogenolysis both in 
the presence and absence of ZnClz. Selected re
resul ts of these studies arc show1 in Table l. It 

Table l. Products obtained from the catalytic hydrogenolysis of ether. 

Catalyst 
--~-a~t-~~-load~ (mole) 

None 

-3 
5.0 X 10 

% 

Toluene 

Bibenzyl + o, m 

Toluene 

Yield 

1.4 

0.1 

3.9 

% Ether 
Conversion 

3.8 

100 

Bibenzyl + o,m and 
p-benzyl toluenes 

2.5 

Ni(c) -1 
2.0 X 10 

Insoluble resin 

Toluene 

Benzyl alcohol 

Bibenzyl + o,m, and 
p-benzyl toluenes 

Insoluble resin 

97 

19.5 38.2 

5.7 

2.3 

2.5 Table (continued) 
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Table 1. (continued) 

_ _(::."_~l_yst 

Ni (c) 

ZnC1
2 

Catalyst 
loading (mole) Products % Yield 

% Ether 
__ C::-:.o=nversion 

2.0 X 10-l Toluene 100 

5.0 X 10- 3 Bibzenyl + o,m and 
p-benzyl toluenes 

39.6 

12.3 

Insoluble resin 35 

Toluene 96.5 Ni (c) 

ZnC1
2 

2.0 X 10-l 

l.Q X 10- 3 
Bibenzyl + o,m and 
p-benzyl toluenes 

65.6 

8.2 

Insoluble resin 6.0 
-----------------------------

NiS 6.1 X 10
2 

Toluene 100 

Bibenzyl + o,m and 
p-benzyl toluenes 

92.1 

0.5 

NiS Toluene 100 6.1 X 10
2 

1.0 X 10- 3 Bibenzyl + o,m and 
p-benzy1 toluenes 

89.3 

1.1 

Reaction conditions: 2.0 x 10-
2 

mole dibenzylether; 50 ml cyclohexane; 225°C; 

13.8 MPa H
2 

pressure; 

is noted that NiS is highly active for the conver
sion of bibenzyl ether to toluene , but in contrast 
to the behavior of metallic nickel, the addition 
of ZnClz has a negative rather than a positive 
effect. Thus, it appears that NiS does not promote 
hydride transfer to benzylic carbonium ions. 

The activity of NiS for the hydrogenolysis of 
benzylic ethers unprecedented and differs signifi
cantly from that of other common sulfides. For 
example, experiments performed with FeS, MoSz, 
and ZnS showed very low conversions of dibenzyl 
ether to toluene. 

* * * 

+Brief version of LBL- 94 77 and LBL- 9023. 
1. D. P. Mobley and A. T. Bell, Fuel ~, 661 (1979). 

6. COAL LIQUEFACTION USING A ZINC O-lLORIDE 
CATALYSTi-

S. A. Gandhi and A. T. Bell 

The effects of ZnClz on the liquefaction of 
SRC- I, Wyodak subbi tuminous coal, and Illinois 116 
bituminous coal were studied in a high pressure 
stirred autoclave at temperatures below 350°C to 
avoid the influence of pyrolytic reactions. Cyclo
hexane was used as the reaction solvent in order 
to extract oil-like products, which were then 
characterized by elemental analysis and lH-NMR. 

At 300°C, 2000 psig, and catalyst to coal weight 
ratio of 1.0, the presence of zinc chloride in-

60 min reaction time. 

creased the cyclohexane solubility of SRC-I from 
10.6% to 30.0%, Wyodak coal from 6.9% to 13.5%, 
and Illinois #6 coal from 1.8% to 8.0%. Data on 
catalyst loading showed that a catalyst to coal 
weight ratio of 0.6 was optimum for Wyodak coal 
and 1.0 for Illinois #6 coal. Studies on the 
effect of reaction time indicated that the solubi
lity of SRC-I was mostly complete after about 1 
hour. Increasing reaction temperature from 250°C 
to 400°C was found to linearly increase the yield 
of soluble products. Hydrogen pressure had a 
lesser effect on the yield, but the presence of 
gaseous hydrogen was necessary to produce a high 
cyclohexane solubility. For Wyodak coal and 
Illinois 116 coal, the H/C and Hal/Har increased. 
For SRC-I, the Hal/Har ratios increased as cyclo
hexane solubilities increased. The H/C ratios 
of all the extracts were always substantially 
higher than that of the parent coal. Soxhlet ex
tractions with pyridine of the residues from Wyodak 
coal and Illinois #6 coal indicated that zinc 
chloride also increased the asphaltene and pre
asphaltene content of the coal. 

Further studies with Wyodak coal demonstrated 
no difference in product yield or composition 
whether ZnClz was added to the coal as a solid 
powder or impregnated into the coal pore structure 
from methanol solution. This suggests that once 
molten, ZnClz effectively wets the particles of 
coal and penetrates the pore network. Experiments 
were also conducted to established the influence 
of solvent to coal ratio. These investigations 
showed no influence of the solvent volume used 
for a given amount of coal, indicating that solvent 
saturation did not lDnit the extraction of cyclo
hexane soluble products. 



In sLnmnary, the results of this investigation 
show that ZnClz promotes the conversion of coal 
to oil-like (cyclohexane soluble) products at 
temperatures where pyrolytic reactions do not occur 
extensively. For a fixed catalyst to coal ratio, 
the extent of conversion increase with decreasing 
coal rank as well as with increasing severity of 
the reaction conditions. 

* * * 

'~-Brief version of LBL-10282. 

7. BISCA!ill!'NE CLUSTERS OF COBALT AS POTENTIAL 
HQviOGENEOUS ANALOGS OF FISO-IER-TROPSOI INTERt'v!ED I
ATES-1-

J. R. Fritch and K. P. C. Vollhardt 

Surface carbyne species have recently been 
implicated in the 1-l-D exchange of polymethylcyclo
alkanes mediated by cobalt films, the isomerization 
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of saturated hydrocarbons on iriclilUll catalysts, 
the interaction of and ethylene with 

single crystals, 
and the hydrogenation of carbon monoxide (Fischer
Tropsch reaction) on heterogeneous systems. We 
have discovered a general synthes i.s of biscarbyne 
complexes by a conceptuclily most simple route, 
the cleave of alkynes, and 1vc that these 
clusters, particularly those from multiple 
cleavage of oligoynes, apart from their novelty, 
have excellent potential to consti.tutc suitable 
substrates on which to study surface-homogeneous 
cluster analogies. 

We have found that (CJ 5-Cslls)Co(CO)z, which 
ordinarily functions as a mediator of alkyne 
oligomerizations to furnish catalytic and stoichio
metric products (e. g., benzenes, complexecl cyclo
pentadienones and cyclobutadienes) assembles a 
trinuclear [(ns-Csl-Is)Co]3 cluster which inserts 
into alkync functions with remarkable ease, 
according to Scheme 1. T1ms, when a solution of 
diphenylacetylene and the cobalt species (3 equiv.) 
in clccalin is slowly adclccl 

R1 :::: R2 :::: c6H5 (72 

R1 :::: "'CH2CH2CH2CH3 ( 

R1 :::: R2"' C02CH3 ( 16°/o) 

R1 :::: Si(CH3 )3; R2=H ( 

Scheme 1 



(syringe plunp) to and nitrogen flushed 
clecali.n over 24h only 9% o( the onlin0ri.ly e;,.vectecl 
tetraphenyl cyclohutmLiene (and cyclopentaclicnone) 
cyclopent<Jclicny1 cobalt is isoLated on illlunina 
chromatography. 111e nwjor product (72%) is the 

cluster 1. In similar fashion 
· , and ftmctionalizecl clcr 

tives :;>-g may prepared. In the reactions of 
trimethylsi lylnted ,1lkynes, traces of other clusters 
arc observed derived from -acetylicle meta-
thesis, hydrolysis, and processes. 
for example, complete analysis of all chromato
graphable products from the conversion of 
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bis(trimcthy1si.lyl)butadiyne S with six equivalents 
of (n5-csiis)Co(CO)z reveals seven clusters ~ and 
6 - 1 It should be noted that the 
decker" sanchich 7 is formed despite the consider
able steric crmvcling in the system. Compounds 1 
and ~ most likely arise via metathesis of ') to 
trimethylsilylacetylene and bis(trimethy1si1yl) 

(12) (or their equivalents) in the 
coordination~sphere of the metal. J\ control c;,.lJeri
mcnt (Scheme 2) showed that 7 is an tmlikelv source 
of ~ via cleavage of the carbidobriclge lUldC~' the 
reaction conditions. 

~-:~Co~ 
@-c~-@ 

~c/f oyt) 
+ 

~1 ~-v~-@ Me
3

Si 

4 (1.2'%) 
Me3Si 

1 (29%) 

Me
3

Si SiMe3 I H Ill 

~:~o-@ ~-c~o-@ + @-co-~ a-@ 
+ + Ill + 

"t~ 1'# ~-c~co@ ~~ H Me3Si 

e 0 ~~ 10(1%) !I (0.5%) 
8 (1.2%} 

Me3Si 

9 (0.33%) 

Scheme 2 



Ketone 8 may be thought of as a hydrolysis product 
of §, cluster 1Q is derived from § by proto-
dcsilyl at ion, and from a dimer of trimethyl-

' 1, (trimethylsilyl)-1,3-
butenyne. 

A similar array of products is obtained in the 
analogous reaction of bis (trimethylsilyl) hexatriyne 

, but again the major components of the reac
mixture are the singly inserted 14, and the 

"triple deckers"~ and (see Scheme-3). 

Me3 Si 
I 

Me3 Si 
I 

Ill Ill 
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, and data indicate that in the 
reaction with acid, cluster ~ is protonatecl to a 
mixed carbenecarbyne cation, capable of desilyla
tion and/or deprotonation. In contrast, cluster 1 
is inert to CF3COzH, but reacts 1vi th hot CF3S03H -
to furnish benzene and toluene. This suggests that 
after protonation at the apical carbon dephenyla
tion may take place as well as complete hydrolysis. 

Biscarbynes may act as, or be precursors of, 
catalytically active species. Heating ±with 

Me 3 Si 

c~~-@ @-c~co-@ + + 
~ctf ~ fj 7/) 

®~c~o--@ 
Ill 

'" I 
Me3 Si 

if) 
Kf) Me3 Si 

Me 3 Si 

13 (35%) 14 (7%) 9 (3°/o) 

Scheme 3 

Treatment of § with l% KOH-EtOH gave quantita
tive monodesilylation to the unstable tenninal 
acetylene, whereas the action of (n-Bu)4 + F- in 
hot 11-IF led to complete desilylation and the forma
tion of the unsilylated analog of §. 

TI1e parent biscarbyne [lJ 3n
1

- HC]z[(n 5 - CsHs)Co]3 
is available from by fluorodesilylation 
[C6IIsCII-;N(CH,J; , Dli!SO, 105°C, 6h, 87%). Remark
ably; ii1stant n- D exchange at the carbyne carbon is 
observCcl-when- ~ 15-e.:q,osect·to-c:F3c;o2JS-:.:c;sb6Tf:1-:-----

solution) tmder conditions which 
deuterodesilylation nor deuterium 

incorporation into the cyclopentadienyl ligands 
(lh). 1-loreover, treatment of 4 with stronger acid 
(CF3 -S03H-0-IzClz) gave, on addition of hexane, 
green crystalline material, which on exposure to 
water furnished a mixture of desilylated 1 and 
recovered starting material. This result, elemental 

1-heptene in a stainless steel bomb to 200°C in the 
presence of C0(400 psi) and (800 psi) gave 
1-octanal, l-octanol, 2-methylheptanal, and 
2 -methylheptanol with tun1ovcrs of 30, 
6.8, 15.4, and 5.0 per equivalent of cobalt. 

\Ve foresee important applications of reaction 
(1) in organic and organometallic is, the 
investigation of reactions analogous to surface 
catalyzed processes, and the construction of super
clusters in which to study novel bonding modes and 
the potential intramolecular mobility of attached 

? 

ligands (for example ~ i 

i Supported in part by NSF. 



8. Tl0\J\iSITION r-!Efr\L i\CTIVJ\TION 01 C\RBON-C;\JZBON 
BONDS I 

~I. J. Winter and K. P. C. Vollharclt 

In to detennine the concli tions under 
h:hich bonds mav be cleaved, several 
complexes containing these l ' have been 
subjected to flash treatment. Thus 
cleavage of one of bonds in complex 5 
by ox.i.dative insertion metal to a 
metal should be reacli ly detectable by 

use chiral of the former, and 
achirality of the latter, (Scheme 1). 
In this way a potentially observable equilibrati.on 
of with might be postulated to proceed through 

1'7 

Scheme l 

BTMSA 
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ror this purpose a series of cliastereomeric 
n5-cyclopentadienyl cobalt cyclobutadiene complexes 
'''as constructed in good yield (2), and by 
coltunn chromatography on alumina [R=OH, OC!l3, 
OSi(CI-!3)3] or high pressure liquid chromatography 
on a reverse phase collmm (R=C6lls). Sublimation 
through a hot silanized quartz tube (lo-4 Torr, 
S40-650°C) revealed the gradual interconversion of 
both cliastereoisomcrs until the establi.shment of 
thermodynamic equilibria. i\t temperatures, 
1ncreas of four ring was 
observed all four possible component 
alkynes. provide for the first time 
an indication of the reversibility of the metalla

·cyclobutacliene metal rearrangement 
particularly hydrogenation and carbonylation 
(Scheme 2). 

Although the flash vacutun concli tions preclude 
the operation of intermolecular , a control 
experiment confiTmed the ty of the 
re;lction (3) , by of cross-
over products derived from ligand exchange. Future 
work is directed at the S)1lthesis of an optically 

simply substituted cyclobutadiene system 
on racemization rates might be determined, 
and the execution of a 
to indicate 1vhether alkyne formation in the de
composition pathway of cyclobutadiene cobalt com
plexes and racemization are mechanistically con
nected (Scheme 3) . 

1 supported in part by NSF. 
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9. POLYSTYRI :1\'L SUPPORTED I!Of.!OGENEOUS CATALYSTS i 

P. Perkins and K. P. C. Vollllarclt 

The attachment of soluble, homogeneous 
to polymer supports has been the subject of con
siderable recent research activity. Depending on 
bead and pore size, distribution, munber 
and structure of pores, concentration and kind of 
attached hgancls, of crosslinking, 

of the poly1ner, and sol vent, changes in 
rate and product distribution have been observed 
1n processes effected by these 
when compared with their mobile counterparts. 
Never, however, has there been the observation of 
new catalytic on inunobilization. As 
briefly outlined in a previous report (~lllll~D A1mual 
Report 1978) 1ve have discovered that polystyrene 
supported nS-cyclopentacllenyl cobalt is 
cally activcc in the hydrogenation of carbon 
monoxide to give hydrocarbons, that this activity 
must be clue to a defined attached homogeneous · 
cobalt species and not to deposited metal crystal
lites, and that in contrast soluble CpCo(C0)2 is 
inactive and decomposed w1eler hydrogenating con
ditions. The observed data characterize the title 

as the first activated to new 
on polymer attachment and the first 

inm10bil homogeneous Fischer-Tropsch catalyst. 
Literature methods were used for the synthesis of 
two variants of polymer-supported cyc1opentadiene. 
Treatment with Coz (CO) 8 species 18 and 
characterized by analysis and the 
teristic infrared absorptions at 2012 and 1953 
(KBr). In a sHelling solvent (CHzC12, C6H6) both 
resins turned brmv11. Exposure to air led to slow 
oxidation (green color) although some resin-bound 
CpCo(C0)2 was left even after one month's exposure 
( 28%) . 

Decarbonylation of 18 and 19 could be effected 
by i_rracliation (Pyrex,~~20°C,~to1uene). In this 
reaction resin 1il in contrast to resi_n 19, re-· 
vealed formation of two clicobal t-

species (vco 1790, 1) assigned 
to the polymer bow1d analogs of Cp2Coz (CO) 3 and 
(CpCoC0)2, fonnecl under similar conditions from 
CpCo(CO)z in solution. 

18 Co(C0) 2 

1% clivi lbenzene 
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Analogously, vacuwn pyrolysis of either resin 
(L85°C, 10-3 Torr, 112h) led to complete decar
bonylatioJL r.Iicroporous polymer 1§ again revealed 
the formatwn of a br1clgecl carbonyl during the 
course of CO removal. Significantly (vide infra), 
the could be completely regener-
ated on exposure to CO pressure (IR, analysis) 
(110 atm, 200°, benzene). 

Limited hyclroformylation and isomerization 
under mild conditions was noted with 

1-pentene [resin 12 suspended in purified n-octane, 
225 psi (1:1), 140°C, ca. one tumover CO 
p.cl.] (90h) in a mixture of c,t-2-pentene 
(21%), pentane (3%), 2-methylpentanal TJI%), and 
hexanal (13%), the mass balance being made up of 
recovered starting material. 

. However,.exposure of macroporous 12 in suspen
swn (punhed 1_1-octane) to CO/liz (3:1, 7S psi at 
RT) at 190-200°C in a static reactor revealed 
pronotmced methanation and Fischer-Tropsch activity. 
i\fter an initiation period, steady tumover of CO 
(ca. 0. 01 mmoles/nmole Co/hr) was observed for 
many l''i thout loss of catalytic activity. 
Ivloreover, when completely decarbonylated resin 
(vide supra) was employed, acti.vity increased 
strongly (0 .13 nmole CO/nmole Co/hr). Exposure 
to air eliminated catalytic activity. Under the 
same conditions, resin 1§ was not active. 

The products (CH4 and higher hydrocarbons) were 
identified by gas chromatography and g.c. -mass 
spectroscopy. In addition, methane was ascertained 
by its infrared absorptions. The major o.A;gen
containing product was water, although mass 

evidence pointed to the presence of small 
<cunounts of COz. Deuterium gas led to CD4 and 
deutcratecl hydrocarbons (g.c. and g.c. mass 
spectroscopy), in addition to DzO. A small mnount 
of CD3H (10% in CD4 after ca.lO turnovers) and the 
appearance of a weak C-D iillrarecl stretch in the 
resin (2168 cm-1) inchcated some H-D exchar1ge with 
the polymer backbone. 

The follmving additional control e.A'})criments 
were rw1. (1) The resin (without bound cyclo
pentacliene) was subjected to the synthesis sequence 

&0\§J 
I 

Co(C0) 2 

crossli microporous 
3% clivinylbenzene
crosslinked macroporous 
polystyrene; 0.8-polystyrene; 0. 3 5 -

0.50 @1101 Co/g; orange 1.0 mmol Co/g; tan. 



and then exposed to Fischer-Tropsch conditions: no 
activity was fotmd. (2) The resin in the 
presence of dissolved Coz(CO)s or CpCo(C0) 2 showed 
no activity [but formation of a cobalt mirror 1vi th 
Coz(CO)g]. (3) Soluble CpC:o(CO)z inn-octane gave 
on hydrogenation (75 psi, 190°C, 64h)-cyclopentane 
and cyclopentene, CO, a cobalt mirror, and methane, 
but no Fischer-Tropsch products. (4) After 
tionof a catalytic rw1, the resin was 
off, resuspended in fresch n-octane and exposed to 
CO/l-Iz: the catalysj_s resumed at an tmchangecl rate. 
Loss of cobalt from the resin was not evident 
(elemental analysis). The original octane solution 
was inactive. ( 5) On with CO the 
completely decarbonylated catalytically active 
resin quantitatively regenerated the starting 
catalyst 

The data indicate that methanation and Fischer
Tropsch activity of 19 is dependent on a defined 
and "homogeneous" cobalt on the 
resin. The reproducibility of the results, product 
distribution, and regenerability of 
strongly argue against cobalt 
heterogeneous clusters being responsible for 
catalytic action. This conclusion is reinforced 
by the lack of activity of the CpCo(CO)z-resin 
and Coz(CO)g-resin mixtures, the latter generating 
cobalt metal on the resin and the walls of the 
vessel. illoreover, the deuterium labeling experi
ment and the matching mass balance between c~nsumed 
CO and produced hydrocarbon rule out solvent or 
polystyrene as the sources of product. 

The recent renaissance in research aimed at the 
conversion of CO to hydrocarbons has tmcovered only 
a few homogeneous systems: some cluster based 
catalysts as well as a stoichiometric mononuclear 
system. Fischer-Tropsch activity of polymer sup
ported catalysts in solvent suspension has never 
been demonstrated and could prove technologically 
useful in attempts to cope with the problem of 
heat transfer in this appreciably exothennic 
process. The discovery of a polymer activated, 
novel hydrogenation system should point the way to 
physical experiments aimed at further structural 
clarification and the construction of soluble 
models mimicking the w1ique structural environment 
arotmd the metal. 

t Brief version of LBL-872 7. 

RESEARCH PLANS fOR CALENDAR YEAR 1980 

Iron carbides and nitrides will be tested for 
their and selectivity in Fischer-Tropsch 
synthesis. 

The effects of alkali promoters on the Fischer-
Tropsch activity and of iron catalysts 
will be examined using both foils 
and altu;-tina- supported Studies o [ hydro-
carbon synthesis will be investigated over 
crystal surfaces of ruthenium. 

The influence of 
particle size will be 
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of methanol versus methane synthesis over 
supported palladium catalysts. 

The detection of Fischer-Tropsch intermediates 
by reactive scavenging with olefins will be 
utilized to explore the mechanism of Fischer
Tropsch synthesis over ruthenium and iron catalysts. 

Biscarbyne clusters will be tested for Fischer
Tropsch <md related activity. Super clusters will 
be constructed to determine the potential of ligand 
mobility. 

Homogeneous models for the reported polymer 
supported Fischer-Tropsch catalysts are being 
designed and synthesized. 

The activation of liganded benzene will be 
attempted to effect specific bond breaking pro
cesses. 

A novel approach to coal liquefaction will 
utilize the concept of oxidative alkylation. 

Catalytic and stoichiometric reactions will be 
sought, aimed at removing sulfur from coal and coal 
derived liquids and from model compounds. 

1979 PUBLICATIONS AND REPORTS 
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Metal Surfaces," Catal. Rev. Sci. Eng. 19, 150-159 
(1979). -

2. D. D\\l)ler and G. A. Somorjai, "The Role of 
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tion During CO Hydrogenation Over Fe Single 
Crystals," J. Catal. ~, 249 (1979). 

3. G. A. Somorjai, "Catalysis on the Atomic Scale" 
(Errunett Lecture, 1977) Catal. Rev. _:L_il_, 173 (1978). 

4. D. J. Dwyer, K. Yoshida, and G. A. Somorjai, 
"l!yclrogenation of CO and COz on Clean Rhodium and 
Iron Foils. Correlations of Reactivities and 
Surface Composition," in Adv. in Chemistry No. 178, 
eels. E. Kulger and F. Steffgen, American Chemical 
Society, Washington, D.C. (1979). 

5. J. G. Ekerdt and A. T. Bell, "Synthesis of Hydro- · 
carbons from CO and I-lz Over Silica-Supported Ru: 
Reaction Rate ~·leasurements and Infrared Spectra of 
Adsorbed Species," J. Catal. ~_§_, 170 (1979). 

6. D. P. Mobley and A. T. Bell, "Effects of Zinc 
Chloride on the Cleavage of Ether Structures 
Present in Coal," Fuel ~, 661 (1979). 

7. J. R. Fritch and K. P. C. Vollhardt, "Cyclo
butadiene Metal Complexes as Potential Intermedi
ates in Alkyne Metathesis: Flash Pyrolysis of 
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Cobalt Complexes," Ange1v. Chem. 91 439 (1979); 

Chem. Internat. Ecln. 18, (1979). 
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Other Publications 
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Metals in Organic Synthesis," Synth. React. Inorg. 
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c. "'""'"'"''"'w''" and Physical 

William L. Jolly, Investigator 

l. A STUDY OF THE BONDING IN TRJ'u\JSITION METAL 
CN\BONYL Hl:TIRIDES 

II. \1/. 01cn, IV. L. Jolly, J. Kopf, and T. II. Lee 

It has been well established that chemical 
shifts in core electron arc 
related to changes in atomic In general, 
an increase in binding energy corresponds to 
an increase in of the atom. 
H01vevcr, it is in binding 
energy are not always changes 
in atomic charge; sometimes arc at least 
partly caused by changes in the electronic relaxa
tion energy associated with core 
Fortw1ately, this relaxation 
the same in compounds which have 
structures in the of the 
atom. Hence core binding 
of carefully chosen molecules with similar struc
tures and similar electronic properties can be 

interpreted in tenns of atomic char~~es. 
In this study we have measured the gas-phase core 
electron binding of some first-row 
transition-metal and carbonyl hydrides. 
The main object of this research was to cletennine 
the polarity of the metal-hydrogen bond in transi
tion metal carbonyl hydrides. 

The core binding energies detenninccl in this 
study are listed in Table 1. On going from 
Coz (CO) 8 to II Co (CO) 4 the cobalt 2P3/2 binding 
energy increases by 0.52 eV, corresponding to a 
significant increase in the on the 
cobalt atom. We may look upon Coz (CO) 8 as a dimcr 
of an electroneutral Co(C0)4 group. Because the 
positive charge on the remaining cobalt atom in
creases when one of the Co(C0)4 groups is replaced 
by a hydrogen atom, we conclude that the hydrogen 
atom withdraws electron density from the Co (CO) '1 

Table l. Core binding (in cV). 

Compound Oxygen ls Carbon ls Metal 2P3/2 

Coz (CO) s 539.78 293.40 786.31, 

HCo(COh 51,0. 06 293.94 786.86 

Fe(CO)s 539.96 293.71 715.79 

HzFe(C0)4 540.17 294.15 715.97 

Hn2(C0)1o 539.57 293.28 6117.01 

HMn (CO) s 539.95 293.80 61,7.Lr6 

* 111is work was supported by the Division of 
Chemical Sciences, Office of Basic 
Sciences, U. S. Department of 
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group and hence is ncg~(cively It should 
be noted that the carbon ls and oxygen ls binding 
energies of I!Co(C0)4 arc also higher than those 
of Co2(C:O)g, corresponding to more positively 
charged (less negatively charged) carbon and oxygen 
atoms in the hydride molecule. 111is change prob
ably represents a reduction in the metal+ CO back
bonding caused by the reduced electron density 
on the cobalt atom. 

'I11c increases in the manganese 2P3/2, carbon ls, 
and OA.)'gen ls binding energies on going from 
ilh12 (COho to Il!l!n(CO) s can be explained exactly as 
in the case of the cobalt compmmcls. In the case 
of H2Fc(C0)4 \vC can make a comparison with Fc(CO)s. 
The of one of the CO groups of Fe (CO) 5 
by two hydrogen atoms causes all the core binding 
energies to increase. If we accept the reasonable 
proposition that iron atom in Fe(CO) 5 is 

charged, then these in binding 
that the hydrogen atoms in 

charged. 

The binding data may be used in conjunc~ 
tion 1vith the model for 
shifts to calculate the actual atomic 
in the molecules under 'I11e change 
binding energy of an iron, carbon, or oxygen atom 
on going from Fe (CO) 5 to IlzFe (CO) 4 can be re-
presented by an of the type 

where k is a constant which is essentiallv the 
average r-1 value for the valence electro~s of 
the atom, Q1 and Qz are the atomic in 
Fe(CO)s and I-IzFe(C0)4, respectively, tN is 
the change in the potential energy at the atom 
due to the electrostati.c charges of the other atoms 
in the molecules (essentially a linear combination 
of Qi/ri values). 'I1ms we can write three such 
equations: one for one for carbon, and one 
for OX)1gen. We can also write two more equations 
which arc essentially statements of electroneutrali~ 
ty for the two molecules. To make it possible to 
solve for all ,seven charges, WE: add two more 
equations, Q1fe = 1.039 and Qzc = 0.174, which 
s.imply specify that the atomic in Fe (CO) s 
arc those calculated :Ln an ab initio study of 
Baerencls and Ros .1 In the cases of Mnz (COho and 
Ifilln(CO)s and of Coz(CO) and I!Co(C0)4, our method 
of calculation was t.o tha1~ used for Fe (CO) 5. 

'I11e results of the calculations are that 
hydrogen atom charges arc -0.3, -0.8, and 0.75 
for HzFe(C0)4, !]]lln(CO)s and HCo(C0)4, respecti.vcly, 
~Vi th overall of 30%. Hence the 
quantitative of the data confirms 
our qualitative conclusion that the hydrogen atoms 
in these compounds are negatively charged. The 
much sma11er negative for the hydrogen atom 
in Hz Fe (CO) 4 is probably ficant. 111c smaller 
value may be clue to the presence of t\vo 
atoms in the molecule as opposed to one; t1vo 



hydrogen atoms would not be expected to be abLe 
to wi thclrmv twice as much cl cctron density from 
a metal carbonyl group as one hydrogen atom. 
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·:·Brief version of J. Am. Chcm. Soc. 101, 2607 (1979). 
l. E. J. Baerencls and P. Ros, J. Electron 

. Rclat. Phenom. !_, 69 (1979). 

2 . Al\J XPS STUDY OF THE Rl:Li\'fiVE -ACCEPTOR 
ABILITH:S OF 11IE NITROSYL AND C\RBON!L UGJ\l\~JS 

II. W. 01cn and IV. L. Jolly 

Because of current interest in catalyti.c systems 
involving both NO and CO, the nature of the in
teraction of these ligands with transition metals 
is a subject of importance. In order to study 
the relative abilities of these ligands to w:Lthclraw 
electron density from transition··mctal atoms, 1vc 
have carric;cl out an photoelectron spec-· 
troscopic (XPS) two sets of molcculc;s: 
Ni(C0)4, Co(C0)3NO, (C0)2(N0)2, Mn(N0)3CO, and 
Cr (NO) 4, Fe (CO) 5 and Mn (CO) ,1NO. 

It has bec;n shown that, for a wide variety of 
transition-metal carbonyls, both the carbon ls 
and oxygen ls are \vcll correlated 
\vi th the C-0 force constants: higher 
binding energies correspond to higher force con-
stants. The binding energies measure 
atomic charges; the force constants measure bond 
strengths. The fact that these different 
quantities are correlated consistent with the 
concept of back-bonding (the more back-bonding, 
the more; the CO group and the weaker the 
C-0 bond) is strong evidence that both quantities 
arc good measures of back··bond.i.ng. It seems 
reasonable to suppose that nitrogen ls and oxygen 
ls energies and N-0 force constants can 

be used to measure back-bonding in 
isoelectronic NO+ Ligand. Therefore we shal1 

increases in l:i.gand atom binding energy 

as evidence for decreased back-bonding and dc;
crcascs in ligand atom binding energy as evidence 
[or .increased back-bonding. The core binding 
cnc; rgics of the compounds we stucli.ed arc 1 is ted 
in Table l. In order to pellnit comparison with 
the binding energies, we have included the C-0 
and N-0 force constants in Table l. 

111e carbon ls binding of Ni(C0)4, 
Co (CO) :'lNO and Fe (CO) z (NO) 2 arc essentially identi.
cal, but of ~h1 (l'\0) 3CO is significantly higher. 
The trend in these data is somewhat simUar to 
the trend in the C-0 force constant data. The 
nitrogen ls binding energy decreases gradually 
on going from Co(C0) 3NO to Cr(N0)4, 
the corresponding steady decrease in 
constant. 

ll'e hoped to measure in the OA.)'gen ls 
binding energies of the CO and NO groups 
Unfortunately we were unable to resolve the oxygen 
ls spectra of Co(C0) 3NO and Fe(CO)z(NO)z into two 
peaks. 111c 0 ls spcctrwn of Co(CO)jNO consists 
of a , hi.ghly synnnetri.c peale Simi1 
the spectnun of Fe (CO) (NO) 2 consists of a 
sli.ghtly broadened Thus in these cases our 
measured 0 ls binding are weighted aver-
ages of the binding energies of the CO and NO 
groups. 111csc \vcighted averages can differ from 
the individual values for the CO and NO groups 
by as much as 0.25 eV. In the; case of Mn(N0) 3co, 
the 0 ls spectrum is and can be dec on
voluted into two peaks \vith an intensity ratio 
of l: 3, as shO\vn in . 1. 'l11e deconvolutecl 
peak binding energies arc given in Table l. It is 
clear that the oxygen ls binding energy of the CO 
groups remains about constant (or decreases slight
ly) on going from Ni(C0)4 to Fc;(CO)z(NO)z and then 
rises markedly at JYln (NO) 3CO as in the case of the 
carbon 1 s binding energy. oxygen ls 
energy of the NO groups decreases on going from 
Co(C0)3NO to Hn(NOhCO and then rises at Cr(N0)4. 

On going from Fe(C0) 5 to llln(C0)4NO, both the 
average carbon ls binding energy and the average 
OA.)'gen ls bi.ncling energy decrease, just as one 

Table 1. Core binding energies (in eV) and force constants (mdync/A) . 
-~~~---~-~~~------- ------- ---·------~----------------- --~-----~--~---- ----------------------- ~-------~~--------------------~~------------~---~ 

C-0 Force N-0 Force 
Compound Carbon ls EB Constants Nitrogen ls Constants Oxygen 1s EB He tal 

~--------~- -----~--

Ni (CO),, 293.78 17.23 407.83 H.44 540.11 861.15 

Co(C0)3NO 293.81 17.04 '107.83 14.!14 539.99 786.85 

Fe(C0)2(N0)2 293.79 17.06 !107. 76 H.12 539.91 715.58 

Nn(N0)3CO 293.98 17 ,!13 407.65 13.75 
Sl10 .47 

6117.30 
539.28 

Cr(NO),, 407.56 13.33 539.46 582.27 

Fe(CO)s 293.71 16.75 539.96 715.79 

Mn (CO) ,,NO 293.49 16.65 407.77 13.69 539.77 6lr7.37 
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Fig. l. Oxygen ls spectrum of Mn(NOhCO vapor. 
The points have been fit to two Gaussian curves 
with intensity ratios of 1:3, corresponding to 
the CO and NO oxygen atoms, respectively. 

(XBL 801-7816) 

expect from the decrease in the average C-0 
force constant. 

The binding-energy shifts are, within experimen
tal error, in the same directions as the corre
sponding shifts in the C-0 or N-0 force constant. 

TI1e total amount of negative charge transferred 
from the metal to the four ligands undoubtedly 
increases on going from Ni(C0)4 to Cr(N0)4 or from 
Fe(CO)s to Mn(C0)4NO. The question is: does this 
shift of electron density occur principally by 
polarization of the metal-ligand o bonds or by 
polarization of the metal-ligand dn-TI* bonds? On 
going through the series from Ni(C0)4 to Cr(N0)4 
or from Fe(CO)s to Mn(C0)4NO, the changes in the 
oxygen ls binding energy are at least of the smne 
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approximate magnitude as the corresponding changes 
in either the carbon ls or nitrogen ls binding 
energies. This result is inconsistent with the 
expected attenuation by the inductive effort of 
o-bond polarizations. The oxygen ls binding energy 
of the NO ligand is considerably less than that 
of the CO ligand even 1,rhen the ligands are attached 
to the same metal atom (in Mn(N0)3CO). TI1is result 
is indicative of increased back-bonding to the 
NO ligand. 

TI1e data for Fe(CO)s and Mn(C0) 4NO are clearly 
consistent with our general CA"})ectation regarding 
back-bonding; the carbon ls and oxygen ls binding 
energies and the C-0 force constants indicate an 
increase in back-bonding on going from Fe(CO)s 
to Mn(C0)4NO. The increase in back-bonding to 
the CO groups shows that these ligands are strongly 
affected by the decrease in the metal-atom nuclear 
charge but are not obviously affected by the com
petitve back-bonding to the NO group. However, 
the data for the Ni(CO) 4 + Cr (NO) 4 series do show 
some effects of competition between the NO and 
CO groups. To rationalize the data, we must asswne 
that the NO groups are much stronger Tr acceptors 
than the CO groups. Thus, on going from Ni(C0)4 
to Fe(CO)z(NO)z, the back-bonding to the CO groups 
changes only slightly, because of the strong 1T

electron withdrawal by the NO groups. In the case 
of Fe(CO)z(NO)z, the metal n-electron density has 
been depleted so much that, on going another step 
to tvln(N0) 3co, the NO groups steal n-electron den
sity from the single remaining CO group, and the 
back-bonding to CO actually decreases. The data 
are consistent with a steady increase in back
bonding to the NO groups on going from Co(CO) 
to Cr(N0)4. The back-bonding to the NO groups 
appears to be determined only by the nuclear charge 
on the metal atom and to be independent of the 
number of CO groups, which compete relatively 
weakly for n-electron density. 

* * * 
tBrief version of Inorg. Chem. ~Jl_, 2548 (1979). 

3. A STUDY OF 0-lARGE TRANSFER IN BACK- BONDING 
TO CARBONYL AND NITROSYL GROUPSt 

S. C. Avanzino, A. A. Bakke, H. W. Chen, C. J. 
Donahue, W. L. Jolly, T. H. Lee, and A. J. Ricco 

We have determined the carbon ls and oxygen 
ls binding energies for 55 metal carbonyl compounds 
in the gas phase. For those compounds for which 
the necessary vibrational spectroscopic data are 
available, we have calculated the degeneracy
weighted C-0 stretching frequencies and the 
corresponding weighted C-0 stretching force con
stants. In Fig. 1 the carbon ls binding energies 
are plotted vs. the C-0 force constants, and in 
Fig. 2 the oxygen ls binding energies are plotted 
vs. the same force constants. The linear correla
tions shown by these plots confirm that transfer 
of electron density to the carbon and oxygen atoms 
of a CO group is accompanied by a weakening of 
the bond. The data strongly suggest that the 
carbon and oxygen core binding energies can be 
taken as measures of dn->1!* back-bonding in transi
tion metal carbonyl compounds. 
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is a plot of the oxygen ls binding 
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for this othenvise 
superfluous plot are that it includes points for 
five more compounds than are in Figs. 1 and 2 and 
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Fig. 3. Plot of oxygen ls binding energies vs. 
carbon ls binding for gas -phase metal 
carbonyl compotmds. (XBL 801-7 818) 

that it shows a significantly better linear cor
relation than shown in Figs. l and 2. From the 
slope of 3 we can calculate the average 
relative amounts of electronic charge transferred 
to or from the oxygen and carbon atoms of carbonyl 
groups on going from one carbonyl compound to 
another. If we ignore changes in relaxation energy 
and potential, we can write L\Q = Ll[/k, 1vhcrc L\Q and 
LIE are the changes in atomic charge and core binding 
energy and k is a constant inversely proportional 
to the radial distance of the valence electrons. 
The ratio of the charge transferred to the oxygen 
and carbon atoms is calculated as follows. 

LlQ0 L\EB (O ls) 

-~'~Qc 0.849 G~:~) 0.601 

In other words, on going from one carbonyl com
pound to another, most of the change in charge of 
a CO group occurs at the carbon atom. ll1ere is 
little question that the 1r* orbitals of a free CO 
molecule reside more on the carbon atom than on 
the oxygen atom. Our results indicate that the 
same is true for a coordinated CO: as the in
teract.ion of the metal cln orbitals with the CO rr* 
orbitals increases, the shift of electron density 
to the carbon atoms is greater than that to the 
oxygen atoms. 

We have also clctennined the nitrogen ls and 
oxygen ls binding energies for 15 metal nitrosyl 
compounds in the gas phase. Both the nitrogen 
ls and oxygen ls binding arc linearly 
correlated with the N-0 force constants. 
As in the case of the carbonyl compounds, the plot 
of the binding energies against oi1c another, shown 
in . 4, also shows a linear correlation. From 
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Fig. 4. Plot of oxygen ls binding energies vs. 
nitrogen ls binding for gas-phase metal 
nitrosyl compmmds. (XBL 801-7815) 

the slope of . 4 we can calculate the average 
relative amounts of charge transferred to the 
oxygen and nitrogen atoms of nitrosyl groups on 
going from one nitrosyl compound to another: 

L1EB (O ls) kN . ( 2 '7. 9) 
0 = 1.257 32.5 = 1.08 

Apparently the oxygen and nitrogen atoms undergo 
comparable changes in charge, Hith perhaps slightly 
more change in charge occurring at the O.A'Ygen atom. 
To some extent this result is expected. An in
crease in the electronegati.vity of one atom in 
a diatomic molecule causes the contribution of 
that atom to the n" ~!0 to decrease. Thus, because 
nitrogen is more electronegative-than carbon, one 
would that chr-viT* bonding would transfer 

more to the oxygen atoms of NO 
to the oxygen atoms of CO groups. Ex

planation for the fact that a greater (or at least 
comparable) amount of charge is transferred to 
the oxygen atom of a coordinated NO+ group than 
to the nitrogen atom probably is to be found in 
the fact that the effective electronegativity of 
the nitrogen atom in a coordinated l\1()+ group is 
much higher than it is in free NO+; indeed it would 
not appear unreasonable if the nitrogen atom had 

a greater electronegativity than that of the 
oxygen atom. 

* * * 

'Brief version of LBL-10121. 

RESEARCH PLJ\NS FOR CA.LENDAR YEAR 1980 

We plan to study the bonding between various 
small organic molecules or molecular fragments 
(such as C, Ql, CH2, Cl-!3, Cz!-!4, C3H5, etc.) and 
transition metals or transition metal clusters. 
T11is will be accomplished by XPS studies (at 
elevated temperatures, when necessary) on both 
mononuclear complexes, such as C3H5l\1n(CO) 5, and 
on polynuclear "clusters" such as Fe5(C0)}5C. 

We shall continue our investigation of the 
relative n-acceptor and o-donor abilities of vari
ous ligands L by studying the shifts in core 
binding energies in a series of molecules of the 
types LMn(C0) 5 and LMo(C0)5. 

We hope to study systematically the differences 
in bonding in terminal ligands and bridging ligands 
(i.e., ligands bound to one metal atom and ligands 
bound to more than one metal atom), for ligands 
such as CO and NO. We also plan to widen the 
scope of our work considerably, and will study 
ligands such as CS, NS, l\~, NH2, etc. 
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d. Electrochemical Systems* 

John Newman, Investigator 

1. i\NOHALOUS DIFFUSION COErFICIEI\i'TS Ar\JD BIPOL!\.R 
ELECTRODES 

Peter Pierini and John NeMnan 

The ability of a highly polarized electrode 
to dominate a slightly polarized electrode, 1vhen 
the electrodes are near to each other, can be 
demonstrated with the rotating ring-disk electrode. 
Considering only mass transfer, diffusion coeffi
cients measured on a ring electrode should be equal 
to those measured on the of a ring-disk 
electrode when the disk electrode is not polarized 
by any external voltage and has a zero net current. 
The ring diffusion coefficient should also be 
equal to a coefficient measured at a rotating disk. 
The ratio of the ring-limiting current, IR, to 
the disk-limiting current, ID, can be found from 
the respective Levich expressions to be the fol
lowing 

(l) 

where r 0 is the radius of the disk, q is the inner 
radius of the ring, and r 2 is the outer radius of 
the ring electrode. I~ is the limiting current 
when all of the area enclosed in the disk defined 
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by r1 is an insulator. ~leasured limiting currents 
on rings, disks, and ring-disk electrodes can then 
be compared. Smyrll first noticed that ring
limiting currents measured on ring-disk electrodes 
with nonpolarized disks having zero net current 
were higher than would be predicted using Eq. (l). 
Data taken from Miller and Bellavance2 conhnn 
Smyrl's observation. Further experiments were 
undertaken in this laboratory using a coiTUnercial 
Pine rotator and a Pine DT6 plahnwn ring-disk 
electrode. The current measurements were made 
with a Pine potentiostat at 23°C. Table l gives 
the results of these three sources. TI1ese con
clusions have been drawn from the data in Table l: 

1) All of the chemical systems have large 
exchange-current densities. 

2) Each experiment had enough supporting 
electrolyte to minimize the effect of migra
tion. 

3) Each of the electrodes involved thin-gap 
and thin-ring electrodes designed for collec
tion efficiency measurements. They are 
geometrically similar. 

4) Laminar flow existed. 
5) All show a positive deviation of measured 

ring current from the Levich theoretical 
ring current. 

A possible explanation for this anomalously 
high ring current or measured diffusion coefficient 

Table l. Comparison of ring and disk limiting currents. 

Chemical System 
Investigator and Supporting Electrolyte ro/r2 

Smyrl 

Miller and 
Bellavance 

Pierini 

0.05 M K
3
Fe(CN) 6 

0.05 M K
4

Fe(CN) 6 
1. 0 M KN0

3 
(Reduction) 

0.0533 M H +Z g2 

l.OHHC10
4 

(Reduction) 

0.05 K3Fe(CN) 6 
0.05 K4Fe(CN) 6 
2 M KOH 
(Reduction) 

This work was supported by the Division of 
Chemical Sciences, Office of Basic 
Sciences, U. S. Department of Energy. 

0.716 0.808 

0.738 0.812 

0.908 0.945 

0.908 0.945 

0.908 0.945 

0.908 0.945 

0.908 0.945 

n 
(rpm) 

1550 

1600 

396 

900 

1600 

2440 

3590 

l. 3606 1.1821 

1.2711 1.1521 

0.400 0.3499 

0.396 0.3499 

0.399 0.3499 

0.397 0.3499 

0.405 0.3499 

% Devia
tion from 
Eq. [1] DR/Dp 

15% 1.141 

10% 

14% 1.193 

14% 1. 193 

14% 1.193 

14% 1.193 

14% 1.193 



is that the potential distribution clue to the ring 
limiting current drives the disk electrode as a 
bi-polar electrode with a zero net current. The 
concentration of the reactant would have to 
be driven above the bulk concentration. The in
sulating armulus between the ring and the disk 
would then have to be thin enough so that the sur-
face concentration would not recover its bulk 
value. 'I11is mechanism would then yield a larger 
ring limiting current due to the enhanced reactant 
concentrations in the boundary near the ring 
electrode. 

T11e simulation of Pierini and Newman3 can be 
used to model the systems of Table l. Figure l 
shows the modeled current distribution obtained 
for the measurements taken by Smyrl.l The central 
disk electrode has a zero total current density 
while the outer portion of the disk has a 
density. The products generated at the outer 
edges of the disk \Vould serve to enhance the 
limiting current on the ring. Similar cases can 
be found for the other two experiments. Quali.ta
tive agreement has been found between the postu
lated mechanism and the experiJnental data. The 
accuracy of the computer model must be refined 
to achieve quantitative agreement. 

-I 

1. Simulated current distribution for the 
rotating r.i.ng-clisk experiments of Smyrl. 

1.0. 

(XBL 802-273) 

'1.· * * 
1. W. II. Smyrl, Private communication (1975). 
2. B. Miller and M. S. Bellavance, J. Electrochem. 
Soc. 120, 42 (1973). 
3. P-:-Pierini and J. Newman, J. Electrochem. Soc. 
124, 701 (1977). 
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2. THE EFFECf OF COAL OIAH ON Tim COAAOSION OF 
304 STAINLESS STEEL, 

T11omas F. 1V. Foerster and Jolm Ne11rynan 

A layer of coal char covering a metal surface 
affects the sulfur and oxygen pressures 
at the metal surface and thus rate and extent 
of corrosion. were conducted to deter-

the effect char composi.tion and depth and 
composition and fJow rate on the rate 

of A simple theoretical model was 
developed 1vhich prechcts the concentration profiles 
and fluxes of the gaseous species in the char. 

Since coal char contains carbon, the eguilibriwn 
oxygen partial pressure is less than 1o·l6 atm. 
This low oxygen partial pressure the 
fonnation o [ protective oxide in some 
cases, leads to the fonnation of sulfide 
scales. 

The effect of the layer of char on the sulfur 
partial pressure at the metal surface depends on 
the composition of the char. If the char contains 
a large amount of sulfur-rich volatiles, the sulfur 
parti.al of the gas in the char and the 
extent sulfidation depend on the composition 
of the volatiles. If the char contains significant 
amounts of inorganic ash, the sulfur partial pres
sure of gas in contact with the char is detennined 
by the equilibria of the various reactions between 
hydrogen sulfide and ash. For both types of char 
described above, the pattern and extent of cor
rosion of samples exposed for short times are 

independent of the composition of the 
bulk gas and the thicl<ness of the char layer. If 
the char does not contain large amounts of ash 
or if all of the ash has reacted, the sulfur 
partial pressure at the metal surface is detennined 
by the diffusion of hydrogen sulfide through the 
char In this case the rate of sulfidat ion 
is proportional to the thiclmess of the 
char layer and roughly directly proportional to 
the concentration of hydrogen sulfide in the bulk 
gas. 

Brief version of LBL-9308. 

3. Cil!'I.RACTEIUSTICS OF THE DROPPING MERCURY 
ELECfRODE BELOW 'Till: LIMITING CURRENT' 

Clarence G. Law, Jr., Richard Pollard, and 
John NeMnan 

A model has been developed to describe the 
combined effects of electrochemical kinetics, ohmic 
potential drop, and mass transfer for metal deposi
tion reactions at a dropping mercury electrode. 
Below the limiting current, kinetic and ohmic 
factors influence the shape of the arization 
curve. Tl1ese effects arc most noticeable for 

short times during the life of a given 
small values of the applied potential. 

obtained for the average and instantane
ous current for a range of conditions that show 



the relutive importance of kinetic, ohmic, and 
mass transfer effects. Copper deposition from 
G dilute solution with an excess of supporting 

has been treated as an example. 

* * * 

Brief version of LBL-10079. 

4. 'TI IE SHORT TilliE SOLUTION FOR TilE CONCHITRi\TION 
STEP AT HIE SUHrACE OF A ROTATING DISK 

Daniel A. Scherson, Pier FiJjppo Marconi, and 
John Newman 

i'vlethods of following transient concentration 
changes ure being developed in order to understand 
kinetic processes at interfaces, particularly with 
corrosion applications. A solution from the 
Jiteraturel for this concentration step is claimed 
to be convergent for all values of time. The first 
thirty coefficients of that series solution for 
this fundamental problem were evaluated in the 

work. TI1e results obtained tend to con
our suspicion that this series actually di

verges for all values of time, and they certainly 
show that practical applications of such a solution 
are limited to very short tirnes where the first 
three tenns have been obtained by another method. 
TI1is short-time solution satisfactorily augments 
our earlier series solution,z which probably does 
converge for all nonzero values of time. 

* * * 

1. V. S. Krylov and V. N. Babak, Soviet 
Electrochem. 7, 626 (1971); ElektrokJ1imiya '!_, 649 
(1971). -
2. Kemal Nisancioglu and John Ne>I]Jllan, J. 
EJectroanal. 01em. ~' 23 (1974). 

5. THE WARBURG IMPEDANCE IN TilE PRESENCE OF 
CONVECTIVE FLO\Vt 

Daniel A. Scherson and John Nel,~nan 

Tivo Warburg impedance deuls with the conccmtra
tion variations in a semi-infinite, stagnant 
region subjected to an alternating-current condi
tion at the interface. In the presence of con
vect[ve flow, such as that encountered near a 
rotating-disk electrode, these results need to 
be modified. Then ulternating-current methods 
can be used more widely to elucidate interfacial 
processes in electrochemical and corroding systems, 
where the rotating disk is a commonly used research 
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tool. A.:n inverse Laplace transformation method 
developed here allows the alternating-current 
problem to be reduced to another transient problem, 
that of a concentration step at the interface, 
for which solutions are knmv:n. TI1e results ob
tained agree well with exact numerical values for 
a wide range of low and high frequencies. 

,, * * 

tBrief version of J. Electrochem. Soc. 117_, 110 
(1980). 

RESEARCH PLANS FOR CALENDAR YEAR 1980 

Experiments will be conducted to detennine the 
mass-transfer limiting reactant in the anodic dis
solution of iron in H2so4 solution, to identify the 
passive film that forms on the iron surface, and to 
clarify the importance of ohmic potential drop 
in the transition region. A model of corrosion 
on a rotating disk will be developed which includes 
the effect of chloride ion concentration on rate 
constants and the effect of mass transfer. TI1e 
response of the supporting electrolyte under 
alternating current conditions will be developed 
along the lines already used for the reactant con
centration and the a.c. impedance. Modeling of 
liquid- junction solar cells will be extended. 

1979 PUBLICf\TIONS k\~ REPORTS 

Refereed Journals 

1. Peter Pierini and John Ne\I]Jllan, "Potential 
Distribution for Disk Electrodes in Axisymmetric 
Cylindrj.cal Cells," J. Electrochem. Soc. 126, 1348 
(1979). -

2. Bruce A. Gordon and John Neii]Jllan, "Corrosion 
of Iron-Based Alloys by Coal Char at 87l°C and 
982°C," J. Electrochem. Soc. 126, 894 (1979). 

LBL Reports 

1. Thomas Friedrich -Wilhelm Foerster, "The Effect 
of Coal Char on the Corrosion of 304 SS," 
(M.S. thesis), June 1979, LBL-9308. 

2. Clarence G. Law, Jr., Richard Pollard, and 
John NeVJJnan, "01aracteristics of the Dropping 
Mercury Electrode Below the Limiting Current," 
LBL-10079, November 1979. 



e. Metal Cluster-Metal Surface 

Earl L. Muetterties, Investigator 

1. CHEMICAL Al\ID STRUCTUPAL FEATURES OF CHHHSORBED 
SPECIES ON METALLIC SURFACES 

and Earl L. 

Essentially, two major advances have been 
achieved in this of the coordination and 
catalyUc chemistry nickel and platinum surfaces. 
A technique has been developed for unambiguously 
defining whether chemistry observed for a metal 
crystal is that of the exposed crystal face or 
a composite of the e;.,_lJosed crystal face, the 
crystal sides and back, and other nearby metal 
surfaces. W:i.th such a technique, the chemical 
significance of crystallographic imperfections 
on a Pt (111) surface has been established. In 
addition, the molecular features of aromatic hydro
carbon chemisorption on Ni(lll) have been defined 
in a definitive fashion. 

Thennal desorption and chemical displacement 
reactions of chemisorbed molecules play a critical 
role in our studies of metal surface coordination 
chemistry. Hence it is essential that we know 
with certainty that all molecules that go into 
the gaseous phase through such reactions originated 
from the exposed metal crystal face under study-
rather than from that face as well as from the 
sides and back and from adjacent metal surfaces. 
We have successfully devised an experimental blank 
procedure that fully removes uncertainties. For 
each metal surface reaction, a control experiment 
is perfonned with a blank metal crystal that has 
the exposed crystal face covered by a thin layer 
of gold (prepared by vapor deposition or by electro
plating). By such control experiments, we have 
demonstrated that step-like imperfections on real 
Pt(lll) surfaces rise to an identifiable 
imperfection site chemistry for molecules like 
CO and C6H6 that is differentiable from the (1ll) 
terrace chemistry for the molecules. Thus the 
ubiquitous crystallographic imperfections on a 
real metal single crystal are chemically significant 
and can be probed by chemical and physical studies. 

The chemisorption of benzene on Ni (111) has 
been shown to be fully associative between 20 and 
~ 100°C. No C-H bonds are broken in either an 
irreversible or reversible fashion in this tempera
ture range. This molecular feature of Ni(lll)
c6r-r6 was unequivoca l1 y shown by the quantitative 
dlsplacement of benzene molecules from Ni (111)
C6ll6 -C6D6 by trimethylphosphine. All de sorbed 
benzene molecules were either C6ll6 or C6D6. No 
isotopically labeled cross-product benzene mole
cules were detected, thus shmving that no 1-1-D 
exchange had occurred within 10-30 minute periods 
in the 20-100°C range. At ~ l30°C, there is rapid 

* This work was supported by the Division of 
Chcmi.cal Sciences, Office of Basic Energy 
Sciences, U. S. Department of 
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C.·H bond breaking for chemisorbecl benzene. In 
sharp contrast to the benzene system, the toluene 
chemisorption process (20°C) on Ni (111) \VilS shmvn 
to be fully irreversible. This irreversibility 
is ascribed to rapid C-1-l bond breaking at the 
methyl carbon site at 20°C on Ni (J 11). 

RESEARC!l PL/\NS POP. CALENDAR YEAR 1980 

T11c molecular features of ethylene and of 
acetylene chemisorption on nickel and platinum 
surfaces w:iJ 1 be cstabli.shecl as a fw1ct ion of 
surface crystallography, carbon and sulfur surface 
contamination and temperature. Key to the 
mental studies is the chemical displacement 
reaction whereby molecules but no molecular 

, can be from a surface 1nto 
the gas phase by a that strongly binds 
to the surface and alters the electronic features 
of the surface. We have fow1el trimethylphosphine, 
P (CI-13) 3, to be a very effective molecule 
and have preliminary evidence that phosphine 
displacement reaction will define the chemisorption 
states of ethylene and After the 
ethylene and acetylene states are 
rigorously defined for and platinum 
surfaces, the substituent effect will be defined 
from analogous studies of propylene and cis-2-
butenc in the olefin class and of propyne and 
2-butyne in the class of rcoctions. 
Confonnational and effects will also 
be established for the olefin class by extending 
the analyses to cis and trans butadiene and to 
unconj ugated cliencs like I;f=-hexadiene. 

1979 PUBLICATIONS MID REPORTS 

I 

+ 

Refereed Joun1als 

E. Band and E. L. lvluettcrties, "Mechanistic 
Features of Metal Cluster Rearrangements," 01em. 
Rev.~' 639 (1978). 

2. M. Y. Darensbourg and E. L. Muctterties 
"Arena-Transition Metal Complexes. 1. Site 
chan~e and Chemical Characteristics of n6-c6 (01:5)6 
Ru-n -C6(Cil3)6," J. Am. Chem. Soc. lQCl., 7425 (1978). 

3. J. C. Hennninger, E. L. illuctterties and C. A. 
Somorjai, "A Coordination Chemistry Study of a 
Nickel Surface. The Chemistry of N:i (lll) 1vith 
Triply Bonded Molecules," J. Am. Chem. Soc. 101, 
62 (1979), LBL-7655. -

4. L-Y. Goh, M. J. D'AnielJo, Jr., S. Slater, 
E. L. illuettertics, I. Tavanaicpour, M. J. Chang, 
M. F. Fredrich and V. W. Day, "Metal Clusters in 
Catalysis. 20. The of [n5-c5HsCr(C0)312;' 
Inoq~. 01cm. l.§., 192 (1979). 

'5. E L. Muctterties II. Schaffer, R. I. Mink, 
, T. Groshens and M. Y. Darensbourg, M. 



K. J. Klabunde, "/\rene-Transition ~Ictal Chemistry. 
2. Hydrogenation of Metal-Arene and Allylmetal
Arene Complexes," Inorg. Omn. li3., 883 (1979). 

6. E. L. /l!uetterties, "A Connnent on Ligand 
Designators," Inorg. Chem. li3., 902 (1979). 

'I' 7. E. L. il!uetterties, T. N. Rhoclin, E. Band, 

. r. 

C. F. Bmcker and W. R. Pretzer, "Clusters and 
Surfaces," Chem. Rev. ZCJ., 91 (1979). 

8. R. K. Brmm, J. ~1. Williams, M. F. FreclrLch, 
V. \V. A. J. Sivak and E. L. /lluetterties, 
Proc. . Acacl. Sci. (USA) '!!:_, 2099 (1979). 

9. A. J. Sivak and E. L. tv!uetterties, "Metal 
Clusters. 21. Synthesis of Rhodium Phosphite 
Clusters,"J. Am. 01cm. Soc. 101,4878 (1979). 

10. E. L. ~·!uettertics, J. R. Bleeke and A. C. 
Sievert, "A rene Transition Metal Chemistry II I. 
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A rene Exchange Phenomena, 11 J. Organomet. Chem. 
17~, 197 (1979). 

'!' 
ll. E. L. Muetterties and J. R. Bleeke, 
''Catalytic Hydrogenati.on of Aromatic Hydrocarbons ; 1 

Accts. Chem. Res. E, 324 (1979). 
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1. E. L. Muetterties, "Transition Metal Arene 
Chemistry," presented at ACS/CSJ 01emical Congress, 
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* * * 
+ Supported by NSF . 
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Partially supported by NSF. 
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f. Oxidizers and Locaiized-Eiectnm Solids* 

Neil Bartlett, Investigator 

1. NOVEL GRAPHITE SN~TS OF IllGII OXIDlZlNG 
POTENTIAL·i 

M. lllcCarron, Y. Jean 
Bartlett 

and Ne1l 

The intercalation of germanium tetrafluonde into 
graph1te (HOPG) in the presence of fluorine (2 at
mospheres pressure) yields a matenal which has a 
llmiting composition of C12GeF6. X-ray diffraction 
data show that this is a first stage material 1V1th 
a height of 7. 80 A. In a dynamic vacuun 

material loses elemental fluorine but no GeF4, 
and the first stage character is maintained. The 
diffraction data sho11r that this loss of fluorine is 
accompanied by an increase in the gallery spacing 
to 8.18 i\. On reintroduction of fluorine (at 2 
atmos.) the gallery height again shortens. The 
fluor inc uptake and removal are reversible. 

The reversible equilibritnn is: 

and it 

are at 
that 
trode, 
couple. 

is evident that t'IG for this process must ap
to zero. Since both ClzGeF6 and ClzGeFs 

least as metallic as graphite, it is clear 
should be an effective oxidizing elec

a potential close to that of the Fz/F-

It is probable that the major guest species in 
C12GeF6 IS GeF62- and in C12GeFs the monomenc ion, 
GeFs-. Each of these ions is l<nmvTI in salts. The 
similarity of the x-ray diffraction data of C12CeF6 
to that of c12PtF6 (which is knmm to be a PtF62-
salt) and the shortening of the gallery height, Hi th 
addition of fluorine, are consistent with these as-
sig:rmlents. The conversion: GeFs- + 1/2 + e + 
GeF6 2-, doubles the positive charge in graphite 
(for which there must be a very considerable in
crease in the work function) and also quaclrup1es 
the repulsive interaction between the guests. All 

to intercalate SiF4, in like fashion to_ 
failed. Although SiF4 will fom SiFs 
salts, it appears that the work required 
the is not compensated for by 

the fluoride ion and the lattice energy 
(which should be slightly more favorable than the 
Ge cases because of the smaller size of the silicon 
spec1.es). S1nce SIF4 will not fonn even the salt 
SF 3+S1F5- Hith the fluoride-ion dortor SF4, 
GeF4 , spontaneously generates (SF3 )zGeF62 

Thls >vork \Vas by the Divjs10n of 
Chemical Soences, Office of Bas1c Energy Sciences, 
U. S. Department of Energy w1der Contract Number 
lV-7405-El'-JG-48. 

tt IS cle~1.r that the enthalpLe:) L\II(l)- (CeF4(o) + f(g)
-> GeFs(g)) and .IIIIcz) (GcFs(o) +F(g) _,_ GeF6c {J 
must be more exothennic (or Tess endothernuc) ~han 
for StF4 . 

smaller concentrations of intercalant in 
more or more F2 intercalated 
for the - or species re-

is removed and 
it is merely molecular GeF4 

occupying gallery fonnecl by insertion of 
into the However bridged 

as F4Ge-F-GeF4 cmmot be ruled out. 
fluorine, above that required to generate 

, may also be simply as molecu1es re-
in gallery It has been observed jn 

rel<tte,l studies that 1vhen graphite has been elec
tron-oxidized by intercalation of 
hexafluorides (e.g., 8 C(c) + IrF6(g) + C8 
the resultant salt will not interact with gaseous 
fluorine to 200°. Thus carbon- fluorine bonds, in 
the CxGeF6 + system, seem very unlikely, moreover 
such bonding strong and elemental fluorine is 
not chemically recoverable from such bonds. The 
excess fluorine' can titrated with GeF4 (pre-
sumably to fonn GeF5 such that both the fluorine 
and GeF 4 are in the graphite under vacuun: 

(int.) + 2 GeF 4 (g) + 2 GeF5-(int.). 

Similarly, the 
can be titrated 
GeF5-. 

the 
, to 

+ Ci CeF4 system 
gennaniun as 

A preliminary study of the graphite/PFs/Fz system 
shows that although PFs (even under pressure) will 
not enter graphite in the absence of fluorine, it 
does so i.n its presence, according to the equation 
PFs.(g) +l/2 Fz(g) +e- ->- PF6-Unt.). This system is 
m1alogous to tfie CxAsF6 system which is cliscussed 
in the following section. 

* ~~· * 

.L 

I B . r . f I net verslOn o LBL-10228. 
Present address: Laboratoire cle Chimie clu Solicle 
clu C. N. R. S. , Uni vers i t6 de Bordeaux I , Talence, 
France. 

2. CQ\lPOSITJON AND STAGING IN TilE GRAPIUTE/~sF6 
SYSTE~I A\JD ITS RELATIONSIIIP TO GRI\PIIITE/AsF S' 

Eugene M. McCarron and Neil Bartlett 

The intercalation of into graphite m the 
presence of fluorine yields material of composition 
CxAsF6. More fluorine than that required for the 
fonnula can be intercalated, particularly at higher 
stages than the first, but this excess can be titrat-
ed with to yield the stoichiometry AsF6. 

and the c-axis swelling 
, along <=:' of the intercala1·ec1 graph-
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ite to that of the original HOPC sample) have estab
lished that, for each stage higher than the first, 
the composition is c12nAsF6, n being the stage. 
Thus c12AsF6 is pure first stage, Cz4AsF6 is second 
stage, c36AsF6 third and so on. Each occupied gal
lery of the graphite up to the onset of first stage, 
has a composition C12AsF6. When x in CxAsF6 is not 
a simple multiple of twelve, an appropriate mixture 
of stages is obtained. J data ;1re given 
in Table 1. X-ray diffraction data provide the 'c' 
dimension for each stage. This is the gallery 
height in a first stage material, the height of one 
unoccupiecl gallery plus one occupied gallery m a 
second state material and so on, as illustrated in 
Fig. 1. From the 'c' dimension and the gallery 
height of 3. 35 A in The parent graphite, the theoret
ical ~-axis expansion, t/t0 , may be calculated for 
any composition up to C12AsF6 by employing the 
C12nAsF6 fonnula (see Table 1). From composition 
C12AsF6 up to the intercalation limit of CgAsF6 the 
system is first stage, but the c spacing does dim
inish as the guest concentration increases; from a 
value of 8. 04 /1. for C12AsF6 to 7. 86 A for C3AsF6. 
(See Fig. 2.) 

These observations are in accord with the expec
tation that the guest species is AsF6-· Since sin
gle crystal studies had previously establishedl a 
simple unit cell, for C3AsF6, with a= 4.92, c=7.86 
and V = 169 A3, which volume is indicative of a close 
packed array of AsF6- within the gallery, it is ap
propriate to represent each anion as having six 
close-packed neighbors as represented 1n Fig. 2(a). 

Grapb1te 

Fig. 1. 
stages in 

1s1stage 

'C' 

2nd stage 3rd stage 

_' }c 'C 

for 1st, 2nd and 3rcl 
(XBL 802-266) 

If one third of the anions of Fig. Z(a) are removed 
so as to reduce the number of nearest anion neigh
bors to three, (as shown in Fig. 2 (b) , the stoichio
metry which is represented is C12AsF6. Since this 
arrangement minimizes the repulsions for this stoi
chiometry it is a suitable model for the arrangement 

Table 1. Composition--staging relationships for CxAsF 6. 

For 12 < X < 24 For 24 < X < 36 

X t/t (ideal)a t/t X t/t
0

(ideal)b 
0 0 

11.6 < 2.40(5) 2.38 28.3 1.62(5) 1.62 
12 ideal 2.40 30.9 1.57(5) 1. 59 
13.1 2.34(5) 2.28 36 ideal 1. 4 7 
13.9 2.29(5) 2.23 
14.6 2.25(5) 2.20 
16.2 2.16(5) 2.17 
16.6 2.13(5) 2.15 
18.3 2.03(5) 2.12 
19.7 1.95(5) 2.11 
22.8 1.77(5) 1. 89 
24 ideal 1. 70 

at/t
0 

[CxAsF6] _ (1 \~2 ) t/t
0 

[C 12AsF6] + (~~ 2 ) t/t
0 

[C 24AsF6]. 

bt/t
0 

[CxAsF6] _ (1 - x~~4 ) t/t
0 

[c 24AsF6] + (x~~ 4 ) t/t
0 

[c 36AsF6]; 

t/t
0 

for c
12

AsF6 calculated from x-ray diffraction data on HOPG: 

c-space C1fsF6 :: 2.:~ 1\ 2 40 
c-space Graphite 3. 35 A · · 

8.05 + 3.35 1 70 
For 2 x 3. 35 = · · · For c36 : 1. 4 7. 
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(a) 

(b) 

Fig. 2. Structural models for (a) CsASF6 and 
(b) c

12
AsF

6
. (XBL802-264) 

of the contents of each gallery in The 
transition from second stage to occurs 
at Cz4AsF6. A gallery occupancy richer in AsF6 than 
C12AsF6 can occur only \vhen all gaJleries have at-_ 
tained that composition. A11y introduction of AsF6 
to a of composHion C12AsF6 will increase 
the repulsive interactions markedly. This readily 
accounts for Cz4AsF6 being a second stage material 
and not third stage. Similarly c16AsF6 is not a 
second stage material but is two thirds first stage 
CC12AsF6) ~mel one third second stage (Cz4AsF6). 

The staging--composition relationships of CxAsF6 
throK light on the controversy surrounding the 
graphite/AsFs system. Previous synchrotron radi
ation studies2 had indicated that arsenic pentafluo-
ride oxidizes , as it is mtercaL1tcd, ac-
cordlng to the equation: 

3 AsF5 + 2 e (1) 

This has been contestecl,3 because of difficulties in 
matching the observed physi_cal propcrti_es 1vith the 
large electron transfer required if the equilibrium 
is extensively to the , as As Kx preabsorp
tion-eclge findings2 _indicate. 

Because of the reversibility of Eq. (1) it is 
possible to remove from the graphi te/AsFs inter-
calates but it is not possible to remove AsFs from 
CxAsF6 at least up to 200°: When CxAsF6 is treated 
with AsF3 however the gas is consumed, without 
in staging (i.e. , t/t0 remains essentially 
and the stoichiometry satisfies the equation: 

AsF5 and some AsF3 can be removed from these mate
rials, as in the graphi te/AsF 5 product. Evidently 
graphite/AsPs a11d the product of graphite/AsF6 + l/2 
AsF 3 are one and the same. This establishes the 
existence 0 J the ) thriLUll (l). 

For graphite/AsF5 the composition for any stage 
is represented4 by c8ni\sF 5 w)1ere ne is the stage. 
The comparison with the AsF6 system is made in 
Fig. 2, where it is seen that second stage 
graphite-AsF 5 is Cl()AsFs. If this is fonnulated 
assuming essentially complete conversion to AsF6 
and21~~3 accord~ng to . (1) this +becor11es 
C16 2/3 AsF6 . 1/3 or C24 AsF6 !/2 AsF3. 
Thi~ compares with the second stage AsF6 salt, 
Cz4 AsF6 . If the holes in the occupied gallery 
(see Fig. 2(b)) of the latter, were each o~cupi(;xl 
by an AsF3 molecule, the stoichiometry C24 AsF6 .1/2 
AsF3 would be attained. The similarity of the '.<-:' 
dimension for C1zAsF6 (8.05(3)/\.) with that for 
CsJ\sFs (8. 04 (3) A) is evidence for the 
equality of th~ charging in the two mater~als, i.e., 
C12AsF6 is C12 AsF6 and C3AsFs is C12 F6 .1/2 AsF3. 

All of these observations, together with the 
EXAFS findings (discussed below) and the preabsorp
tion edge results, indicate that the intercalation 
of AsF5 into graphite is associated w~th the nearly 
complete conversion of AsFs into AsF6 and AsF3 ac
cording to Eq. (1). Any discussion of the physical 
properties of these materials ought to recognize 
that the 1ntercalation of ee1ch AsFs molecule jnto 
graphite to fonn CxJ\sF3 requires the transfer of 

2/3 of an electron from the graphite to 
the guest. 

* ·}.: * 

Brief version of LBL-10190. 
l. N. Bartlett, B. W. McQuillan and A. S. Robertson, 
!~lat. Res. Bull. 13, 1259 (1978). 
2. N. Bartlett,R. N. Biagioni, B. W. McQuillan, 
A. S. Robertson <md A. C. Thompson, J. C. S. Chem. 
Corrun. 200 (1974) and Ref. l. 
3. J. E. Fischer, J. C. S. Chem. Conun. 544, (1978) 
and Physica Bin press (1979). 
4. E. R. L. R. ll~mlon ;mel T. E. Thompson, 

(1978). 



3. EXAFS STUDIES OF ARSENIC FLUORIDES, 
CRAPHITE INTERCALATED BY J\J\H) AsF6 

Barry \\'. lllcQuillan, Alan S. Robertson, and 
Neil Bartlett 

The final analysis of the EXAFS data of various 
arsenic fluoride compounds has been completed. The 
results provide further evidence that in the syn-
thetic metal, , the present 
inside the gaseou::; The data 
are consistent with Asr3 and AsF6 in approximately 
1:2 molar ratio as expected for the kn01m oxidation 
reaction: 

x (L\l-1 "" 135 kcal mole ) . est. 

As has been discussed in a previous report the 
pre-edge absorption \vhite peaks are a very sensitive 
indication of arscni_c oxidation state state (See 
Table 1.) Fits to the 11C3AsFs" pre-edge region with 

Table l. Arsenic preabsorption-edge (l<c,J peak 
positions for several arsenic compow1ds. 

As(III) AsF6 

As 2o3 
11867.90 

67.54 
68.16 
67.64 
67.44 
68.09 

68.45 

AsF5 
ll874. 25 

74.15 
+ - 11875.38 XeF AsF6 + -

75.12 XezF3 AsF6 
0 +AsF 

2 6 
75.82 

75.43 
+ -

75.26 Cs AsF6 + -
75.24 Na AsF6 

c
10

F
8

+AsF
6 

-
74.70 

c
6
F

6
+AsF

6
- 75.21 

C +AsP 
6

- 11875.48 
n 

75.37 

C
11

AsF5 
11868.67 11875.33 

68.24 75.05 
68.80 75.19 
68.96 75.55 

75.55 
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sti'ncl;1rd files of (g) ~mel ~8+ A~F6- grvc 40% AsF3 
60% C3AsF6- . 1). Other 11CgAsF5 11 flles peldecl 
25% AsF 3 and CsAsF6- (but recent \vork m these 
laboratories has sh01vn that C3AsFs will lose AsF3 
as well as AsF 5) . The above half reaction would 

33% AsF 3. standard AsF5 (g) file 
produced no improvement and never made more 
than a 5% contribution to Often the AsFs 
contribution was small and ~"-------~ 

From the EXAJ'S data, the average As-F bond dis
tance for a number of gaseous and solid compounds 
arc given in Table 2. The excellent with 
kn01m structures encourages the view the As- F 
bond distances in the 1 'CgAsFs 11 and C3 arc 
sufficiently accurate to distmguish AsF5 
plus AsF6-. Table 2 also shows the bond distances 
(plus error limits) for a series of com-
pounds. The reasonable number of nearest neighbors, 
N, encourages us that the compourrcls examined have 
not lost much Figure 2 shows a summary of 
As-F bond (with lo error ellipsoids) for a 
series of arsenic fluoride compounds. Figure 2 
shows that the compounds have As-F dis-
tances agreeing AsF 3 and AsF6-, but not with 
AsF5 . 

* •k * 

·!-Brief version of LBL-10 229 and LBL-10230. 

AsF5 Graphite 
3.5~~--,--~--~~--,-~--,---,-~ 

(!) 
0' -o 

3.0 

<p 2.0 
~ 
Q, 

I 1.5 
1--j 

...... 
t::!o 1.0 ~ 

.5 

0.5 

0 

-o.5 
118L5:c-:oc--'--..._.._J'......---'-..___1.~,1_L9-=-o-:::-o-L....._.........L. __ J....___j__11_950, 

Energy (eV) 
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Table 2. As - F distances from EXAFS studies compared with distances from other studies. 

AsF3(g) 

(g) 

+ -XeF AsF6 

+ -Oz AsF 6 
+ -

Cs AsF6 

+ -
Na AsF6 

+AsF6 

CxAsF5 X 

( -140° C) 

c16AsF5 

1.76 

X ;:; 

;:; 10 

N 

3 

4.7 

6.2 

5.8 

8 r·8 
5.6 

r·2 
If. 9 

4.7 

5.2 

)'\ 

EXAFS 
(Amplitude Removed) 

1.706(7) 

1.681(4) 

1. 732 (11) 

1.72(2) 

l. 724(4) 

1. 726(4) 

1. 727(6) 

1. 716(6) 

1.714(5) 

1. 706(3) 

1. 708(5) 

1. 707(4) 

1. 712(6) 

I . 6 6 L_L_jc.___j___L___J____L__L_J_ _ _L__L~L-..L . ...L..__L____L___L_-"--J 

11.882 11.888 11.894 11.900 

E (keV) 

Fig. 2. Error limits c~ Jo) on As-F. (XBL 798-10976) 

Other Techniques 

1. 706 (2) a 

1.678(2)a 3 As-F 1.656 (5) 

2 As-F l. 711(4) 

1. 750 (10) b 5 As-F at 1. 730(10) 

1 A s-F at 1. 860 (10) 

1.71f(2)c 2 As-F at 1.67(3) 

2 l. 73(3) 

6 1. 76(3) 

2 1.79(3) 

a F. B. Clippard Jr. and 1. S. Bartell, Inorg. Chem., 
2_, 805 (1970). 

b A. Zalkin, D. Ward, R. Biagioni, D. H. Templeton 
and N. Bartlett, Inorg. Chem., 12, 1318 (1978). 

c N. Bartlett, B. G. DeBoer, F. J. Hollander, 
F. 0. Sladky, D. H. Templeton and A. Zalkin, Inorg. 
Chem., _!]_, 780 (1974). 

,., N o 2 k 2 

Values from X(k) = W A(k)e sin[2kR + S(k)] 

4. ELECTRON OXIDATION OF BENZENE AND CORONENEt 

Francis L. Tanzella and Neil Bartlett 

Benzene. The oxidation of benzene by Oz+AsF6 
or C6F6+AsF6 gives a green-brmvn polymeric, elec
trically con4uctiJ1g amorphous solid and the salt 
(C6Hs) z-AsFz AsF6 . The preparation and character
ization of the latter were described last year. A 
method has been devised for the purification of the 
fanner and analytical and spectroscopic work indi
cates that it is probably a hexafluoroarsenate salt 
denved from poly (para-phenylene) (I). 

(I) 



The poly-phenylene salt has been isolated, on a 
Teflon fri t, by ,,,ashing the reaction product several 
time~ wi.t]l anhydrous liF to dissolve the (C6ll5) 
AsFz AsF6 . It has proved to be insoluble in 
polar and nonpolar solvents which have been tried. 
The salt is evidently the same no matter which ox
ident is used, although the AsF6- content does vary 
somewhat from to preparation. Elemental 
<malyses consistently show a C: II ratio of 6:4, but 
the arsenic content varies. The formula is 
(C5H4) 4 (AsF5or6Ll-x w.ith x having values between Z 
and 3. The fluorine analyses are not decisive but 
the infrared data show the AsF6- v3 and v4 bands 
their characteri.stic ot 700 a.'1d 400 cnc 
respectively, as well the bands characteristic of 
poly (para-phenylene). Raman studies were pre-
vented by strong fluorescence of the samples. Lack 
of monolithic samples has pre1·ented a eval-
uation of the but measurements on the 

powder incli.cate that the fie resis-

diamagnetic. 
than 100 ohm/em. The material is 

are consistent with the 
formulation. The moderate 

conductivity indicates that the catiomc 
chain is metallic. Similar behavior has recently 
been noted by Baughman and his coworkersZ for the 
product formed by direct interaction of poly(p
phenyleT1e) with AsFs. These authors also suggest 
an AsF5 salt fonnulation for their product. This 
would be in hannony with t~e observation previously 
made in these laboratories- that AsF5 oxidizes 
graphite to the equation: 

3 AsFs + 2 e ~ 2 AsF6 + 

. Since . reacts cl~anly wi~h+C6H6, :U1der cond1-
t1ons s1m1lar to the 02 and C6F6 _ oXldaClons, to 
give a 100% yield (C6Hs)zAsF2+AsF6 , it is probably 
that the first step, in the poly (p-p~enylene) salt 
synthesis from benzene, involves C5l-l5 . A plausible 
mechanism is: 

+ -
C H -1- A AsF 6 6. 6 

Cd-1
6 

+ AsF 
6 

+ C
6
H

6
F + 

+ -c6H
6

F + A AsF
6 

+ c
6
H

6
F

2 
+ A + 

(C
6
H

4
)

11
x+ xAsF

6
- +Xi\ nC6!16F2 _,. 

(Cll4)n + 
x+ _, (Cll

4
) 11~ xJ\sf 

6 
+ xJ\ 

Although ~lee-_ 
tron using C5F6 AsF6 
yields two derivatives, ;mel (C2,jl-IJ2) 2 

depending upon the stoichiometry, 
has been fonn. 

Rough resistivity measurements on the compacted 
powders have yielded upper limits on the 
of 5, 000 and 10,000 ohm em for the 1:1 ;mel 1: 2 salts 
respectively. This is in accord with the 
tion that ring-ring overlap in such salts 
large flat cations and relatively small compact an
lOll) would lead to extensive delocallzation. fur
ther progress will depend upon preparation of crys
talline samples. 
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Brief version of LBL-10.!78; /llo1ecular Metals, 
edited by William E. Hatfield, Plenum Publislnng, 
New York, 1979. 

1. R. C. Doss and P. W. Solomon, J. Org. Chem. _£_~, 
1567 (1964). 
2. R. H. Baughanm, D. M. Ivory, G. G. HiJ.ler, L. 

11'. Shacklettc, and R. R. Chance, OrgEmic Coatings 
and Plastic Chemistry 41,139 (1979). 
3. N. Bartlett, B. W. McQuillan and A. S. 
Robertson, Mat. Res. Bull. _12, 1256 (1978). 

5. THE EXPLOITATION OF KrFz J'u\'D ITS SALTS IN THE 
PRFPAPATION OF FrF + AND ClF6 SALTS . 6 

Klaus Zlichner and Neil Bartlett 

In early studies in these laboratories, 1 follow-+ -
ing characterization of the salt KrF Sb2F11 it was 
observed to oxidize 1F5 spontaneously below room 
temperature: 

+ + -
KrF Sb 2F11 + IFs - IF6 Sb 2F11 

+ . + . . . 
Attempts to prepare ClF5 and BrF5 ~alts m s1m1lar 
reactions failed. Subsequently ClF6 was prepared 
by Christe2 and Roberto3 in a photo-induced oxida
tion of ClFs using PtF6 as the oxidizer, but a high 
yield synthesis of pure material has not been avail
able hitherto. Gillespie and his co~torkers4 were 
successful in oxidizing BrF- to BrF6 using KrF2-
rich fluoro-aci~ systems ~il the oxidation was at
tributed to KrF and KrzF3 species. 

Fr~m a comparison of Xe2F3+ and XeF+ it is ev
ident that the fluorine bonding to xenon in the 
fo11ner is much weaker than in the latter and it + 
seemed likely that the same would be true of KrzF3 
and KtF . It therefore appeared probable that the 
Kr2F3 WC(uld be a stronger and more facile oxidizer 
than KrF . Indeed the fa~lure of t~e earlier at
tempts to synthesize ClF6 and BrF6 using KrF+ 
taken with the succe~s of Gillespie and his . . , 
pointed to the KrzF 3 be1ng the effect1ve ox1d1zer 
i.n the latter work. 

Synthesis of both ClF6+AuF6- and BrF5+AuF6- was 
undertaken for two reasons. Firstly the vibrational 
frequencies for the AuF6 anion give a clearer sep
aration from the frequencies anticipated for the cat
ions, than is the case for other strong-acid anions. 
Secondly, the anion is, itself, a powerful oxidizer 
and thus would provide salts of remarkable total 
oxidizing capability, e.g., transfonnation of 1 
mole of ClF5 ")\uF6- to J\uCl yields six moles of 
fluorine. 

Both syntheses have been achieved. Gold is ox
idized by exce~s krypton difluoride in I-IF solution 
to yield Kr 2F

3 
AuF

6 
: 

+ 5 Kr 

(It is essential to exclude oxygen or any othet 
oxidizable spEf_cies since this reduces the KrzF3 
salts: KrzF3 + + Oz + 2 Kr + . ) The HF 
1s removed and excess bromine pentafluoride added, 



to serve both as solvent and reactant. Brisk kryp
ton evolution occup on_ wanning towards room temper-
ature+ and !he BrF6 AuF6 ts fonned in high yield: 
KrzF3 AuF5 + BrF5 ->- BrF6 AuF5 + KrFz + Kr. The 
yellow crystalline sohd has a cubic unit cell}vit~ 
a= 9.57(5) A, V = 876 A3, z = 4, with the IF5 AsF5 
structureS Group Ia3). The Raman data are 
as expected are given in th~ Table, where+thc~ 
arc compared with data for ClF5 AuF5 and IF5 AuF5 . 

. . + -
A parallel experDnent us1ng KrF AuF5 

did ~ot r~sult in oxidation of the BrF5, 
BrF4 AuF5 being the sole solid product: 

as oxidizer 
the salt 

+ + 
KrF AuF6 + BrFs ~ BrF4 AuF6 + 

This ¥onfirms t~e superior oxidizing capability of 
KrzF3 over KrF . 

The oxidation of chlorine pentafluoride proved to 
be unexpectedly difficult to accomplish until it was 
recognized that a small quantity of chloryl fluoride 
impurity, ClOzF, present in the large excess of 
ClF5, used in the reaction (in which ClF5 is also 
the solvent) was enti.rely consuming the acid anion: 

+ + 
ClOzF + Kr2F3 AuF6 ~ ClOz AuF6 + 2 KrFz 

This_was overcome by making two batches of KrzF3+ 
AuF6 , the first of which consumed the ClOzF. The 
ClF5 distilled from that reaction was then treated 
with the second batch to give ClF6+AuF6- in quanti
tative yield: 

+ - + -
Kr2F 3 AuF6 + ClFs -. KrF 2 + Kr + ClF6 AuF6 • 

The x-ray powder pattern of the yellow crystalline 
solid is unlike that for any ot~er Af6+BF5- satt. _ 
It is curious that although IF6 AuF6 and+BrF6_AuF6 
have the same structure as IF6 +AsF6-, !F6 AuF6 is 
not isostructural with the set IF6 'MF6 (M = Ru, Ir 
and Pt), all of whi¥h crystallize jn space group 
Cz/m. Moreover IF6 Sb~6 h§!S a cubic, CsCl-like 
unit cell, whereas IF6 AsF6 j_s NaCl-like. 

+ -
The Raman spectrum for ClF6 AuF6 is simple; as 

expected. The data given in Table 1 show that v1 , 
vz and v~ frequencies for the cation are closerthan 
for BrF6 , which are closer_ than for IF6 +. Thts. 
mer.r,1ng of the v1brat10nal trequenc1es of ClF6 1s 
more extreme than for any other hexafluoro species. 
No doubt the small effective size of the heptavalent 
chlorine atom results in a very compact cation. The 
ligand ¥roweling (and hence ligand-ligand repulsion) 
in ClF6 is, presumably, more severe than in any 

Table 1. Raman data for 
+ + and IF/ C1F6 ' BrF6 in 

AuF6 salts. 

vl v5 

ClF + 647 525 
6+ * BrF6 657 669 404 
+ 

IF 6 705 726 344 

frequency. 
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other case, but deta1led understanding of these ob
servations must await a full vibrational analysis. 

* * * 
1. N. Bartlett, D. E. McKee, C. J. Adams <cmd Z. 
Zalkin, J. Chern. Soc. Chern. Conun. 27 (1973). 
2. K. 0. Christo, Inorg. Nucl. Chem. Lett. 8, 741 
(1972). -
3. F. 0. Roberto, Inorg. Nucl. Chem. Lett. _13_, 737 
(1972). 
4. R. J. Gillespie, G. J. Schrobilgen, J. Chern. 
Soc. Chem. Comn. 90 (1974). 
5. N. Bartlett, B. G. Deboer, F. J. Hollander, 
F. 0. Sladky, D. H. Templeton and A. Zalkin, Inorg. 
Chern. 13, 780 (1974); N. Bartlett, A. Za1kin, D. 
L. Warcr;- R. N. Biagioni and D. H. Templeton, Inorg. 
Chern. 22, 1318 (1978). 

RESEARCH PLANS FOR CALENDAR YEAR 1980 

Graphite and Related Salts. The structural char
acterization of the CxGeFs and CxGeF6 will be under
taken, with emphasis on synchrotron radiation stud
ies. Both pre-absorption edge and EXAFS datashould 
be of value in sc;ttling wh2!her the intercalated 
species are GcF5 and GeF6 or some other. Synchro
tron radiation data for oriented HOPG samples of 
Cgi\sF5 will also be obtained in ordc;r to determine 
the relative concentrations of AsF6 and AsF3 at 
this coinposition. By exploiting the polarized 
nature of the radiation it may also be possible to 
determine the orientation of the polar AsF3 mol
ecules with respect to the graphite planes. Single 
crystal x-ray diffraction studies of c8AsF6, in col
laboration with Professor D. H. Templeton, will be 
continued, as will electron diffraction work in 
collaboration with Professor G. Thomas and his asso
ciates. The oxidizing potential and the reversibil
ity of the oxidation and reduction of CxGeF5/CxGeF6 
will be undertaken by incorporating this material as 
one electrode of an electrochemical cell. The elec
trode will be compared with the other graphite salts 
and with metals such as lead and antimony. These 
experiments will be undertaken i.n collaboration with 
the Laboratoire de ChjJnie du Solide of the Univer
site de BordealL'< I, led by Professor Paul Hagenmuller. 
This is the foremost laboratory in the development 
of solid electrolytes (such as PbFz/SbF3 solid sol
utions) compatible with these graphite salt elec
trodes. 

We will continue attempts to prepare graphite 
salts containing both an anion x-(e.g., S03F-) and 
its protinic acid HX (e.g. , HS03F) , with x- /HX 
ratios ranging from large to small mnnbers. These 
materials will be incorporated as electrodes in 
electrochemical cells so that the influence of the 
X-/HX ratio on the potential can be traced. Simul
taneously a search for a compatible solid electro
lyte, which conducts primarily by proton transfer, 
will be undertaken. 

Electrical conductivity studies of the graphite 
salts undertaken in collaboration with Dr. T. E. 
Thompson of SRI International will continue. We 
will be particularly concerned to determine the 



factors which produce the best basal-plane conduc
tivity in the graphite salts. Since the graphite/ 
AsF 5/AsFs system is the one most open to chemi.cal 
man1pulat1on the emphas1s <Vlll probably be placed 
on it. 

Synchrotron 
poly-paraphen-

ylenc AsFs salt electron-oxidation of 
benzene) to support the vibrational 
data. Similar will 
coronenc salts Cz4IJ12 -
Efforts will continue 
duct1on of more 
these polymeric materials. 

T~e application of the oxidizers S03F, 02+ and 
CsFs 1Hll be explored in the removal of electrons 
from polymeric materials such as chain sulfur 
(plastic sulfur). Electron-oxidation of closocar
boranes, e.g., 1,2, CzBtolltz (which has av-ery 
stable 'aromatic' electron configuration) will also 
be attempted. Cations such as CzB1oHlz + would be 

and paramagnetic and the w1paired spin an ex
bonding probe. 

Complex Fluorides for Solid Electrolytes. The 
best fluoride ion conductors usually involve mix
tures of fluorides of metal ions which retain a 

valence 
amples are and 

electron pair. Excellent ex
It is likely that the 

facile transfer of F 
is aided by the 'j 
tion sphere about ion. 
activity of the non-bonding 
able coordination number. 

a mixture of the salts 
nature' of the coordina

This depends on steric 
electron pair and vari-

It is probable that some complex fluorides could 
be superior to PbF2/SbF3, and also more stable than 
arc they to oxidat1on. We propose to attempt the 
synthesis of salts which contain "jelly-fish" cat
ions or anions or both, which, in combination with 
alkali fluoride would a ne1v salt which would 

in the first. A typical candidate is 
both ions of which exhibit 'jelly-fish' 
This is presently unknown, although 

(SF 3) zGeFs is known. The possihili ty of salts 
like NaSF3GeFs will be explored, as will the funda-
mental factors determine the stability of one 
salt.t e.g., relative to another e.g., 
(SF 3 ') The fl uoriclc- ion conductor proper-
ties salt studied will be undertaken. 
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g. Transition Metal Conversion of 

Robert G. Bergman, Investigator 

l. iiD:CI!\NJS;\1 Of Tlfl Rl \CTlO\ lll'l\\IJ\ ORC;\\0 
TR\NSITIO:\ ~ll:Ti\1. ,\1.1\YLS ,\\U IIYllRimS. \ 0101111. 
FOR THE i\LDEllYDF-FOP.;\LlNC STEP T0J THE OXO PROC:LSS+ 

WilLLam D. Jones and Robert C. lll:rgman 

The identiFication of primary reaction steps .in 
organotrans i tion me tal (e.g. , oxidative 
addition, reductive elimination S-e.lim.inotion, 
etc.) \vas an important advance unclerstamling 
organometallic reaction mechanisms .l These steps, 
charocteristic of processes "·hi ch occur at a single 
metal center, arc no": being augmented b)· the iden

of steps ,,hich involve more than one 
One such process \vhich hos appear<'cl 

recently is the reaction of a metal 
· L (or acyl) to a 

product containing a ne11 C:-ll bond: 

0Hl + ii!'R + R-ll + rHI' (1) 

The gr01dng ubiquity aml apparent faci of 
metal hvclricle-metal alkvl reactions makes it 
tant to' have goocl meclw;1istic infonnation 
on these processes. ,\fter 
reactions of several \vcll characterized 
and alk·yls, ,,,e discovered that molvbclenum hydride l 
ancl corresponding ~ undergo an especially 
clean and quantitative reaction which leads to 
aldehyde 2 and climers ~ and ,') (Scheme 1) . The 

Scheme I 

and etlwl 
into aldelwcles. 
25 and 50°C, 
Yields are 
observed. 
kinetics; rate 

ene to 

3 4 5 

g series: R=CH 3 

Q series: R=C 2H5 

£ series: R=CH2C6H5 

Q series: R=CD 3 

!!. series: R=C D2C6D5 

2a and are converted 
at temperatureS bet11·een 
substantially more rapidly. 

and no trnce of alkanes are 

that 1 reacts h·ith ethyl-
2b. ~Civen that 1 and 2 
Into aldehyde, it 
could be reconverted 

work was supported by the Division of 
Chemical Sciences, Office of Basic Fnergv 
Sciences, U.S. Department of 
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Table l. l\ate constants for react ion bet1vecn 
C:p~lo (C:O) 311 and Cpillo (C:O) 3R in TIIF -c1 8 . a 

alkyl T, oc k, wl 

2a so 2.5 X 

2b 50 4.0 X 

s-1 

10-3 

2b 25 8.5 x lo-4 

2c 50 2.5 X 

6a 50 2.3 X 

2
Ratcs measured by monitoring disappcarncc of 
starti.ng materi.a.L resonances in the 180-t!I-lz 
N:lR spc'ctrum. 

10-5 

10-4 

into with H?, the reactions reported here could 
he to desi.gn a hydrofonnylation 
system. We have found, that, contrary to 
the earlier , l and etlwlene do not 
At l00°C l ethylene clo react, as reported 
earller,3 to give a new material containing ethyl 
absorptions in the Nf-IR, but these are very eli fferent 
from those associated with independently preparecl4 
~l?· We have now found that the organic products 
are volatile and tum out to be a mixture of ethane 
(36%) and (15%) (Scheme 2). To deter
mine \vhether a molybdenum alkyl is an intennecliate 
in this transformation, \Ve examined the reaction 
bet1veen complex 2b and ethylene. In this 
reaction clicthy1 ketone~is formed in ~10% yield, 
even in the absence of added hydride 1. Similarly, 
methyl complex reacts 1vith c2H4 at ~l00°C to give 
2-butanone in yield. 

The of this molybdenum system mimics 
that observed the oxo reaction very closely. 
The only difference appears to be the 
difficulty of converting [CpMo(C0)3l2 into~ by 
reaction with l-Iz; this prevents closure of the 
catalytic Even the formation of ketones 
from cobalt acvls and olefins has been observed 
1vhen only small mnmmts of hydride are present. 5 

Concerning the mechanism of the molybdenum reac-

Scheme 2 

0 
100° II 

Cp(C0) 3 MoH + CHz"CH 2 ~ CH 3 -CH 3 + CH 3 CH 2 CCHzCH 3 + 4 + 5 
I 

0 
100° II 

Cp (C0) 3 MoR + CHz oCH 2 ~ CH 3 CH 2 CR + ,:1; 

~2 ~£ RoMe, Et 



Scheme 3 

0 
II 

R-Mo(C0)
3

Cp :;;;::::!: R-C-Mo(C0)2Cp 

2 

R 

(b) 

0 
II 

R-G-Mo(C0)
2
Cp 

I 
H2C=CH2 

lt 
j\Mo(C0)2Cp 

Ao 
2 

L 

tions reported here, a radical pathway is ruled out, 
except as a minor component in the benzyl system. 
An alternative consistent with our data is illus
trated in Scheme 3. This postulates initial 
isomerization of to metal acyl J::, follO\ved by 
rapid entry of hydride into the unsaturated 
acyl coordination sphere and reductive elimination 
of aldehyde. The overall similarity of the molyb
denwn and cobalt systems reinforces the recent 
conclusions of others6 that the aldehyde-forming 
step in the oxo process also involves reaction 
between a cobalt hydride and cobalt acyl. 

* * * 
tBrief version of LBL-9050; J. Amer. Chem. Soc. lQl, 

5447 (1979). 
l. .J. Halpern, Chem. . News 44(44), 68 (1966); 
J. P. Collman, Ace. Chem. Res. 1-;-136 (1968); 
J. Halpern, ibid. 3, 386 (1970)~ 
2. Sec, for example, f.!. H. Chisholm, D. A. Haitko, 
and C. J\. illurillo, J. Am. Chem. Soc. 100, 6262 
(1978); J. P. Collman, R. G. Finke, r-:--L. /llatlock, 
R. Wahren, and J. I. Brauman, ibid. 98 4685 (1976); 
M. P. Br01m, R. J. Puddephatt, and . E. Upton, 
J. Chem. Soc., Dalton Trans. 2490 (1976); 
J. E. Bulkowski, Jl. L. Burk, M.-F. Ludmann, and 
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and A. L. Balch, ibid. 99, 5502 (1977); J. P. 
Collman, R. K. Rothrock~R. G. Finke, and F. Rose
Munch, ibid. 99, 7381 (1977) · .J. C. Smart and 
D . .J. Curtis,Inorg, Chem. 3290 (1978); 
R. Poilblanc, Nouv. J. Ch.Lm. , 145 (1978); 
S. A. R. Knox, R. F. D. Standfield, F. G. A. Stone, 
M . .J. Winter, and P. Woochvard, J. Chem. Soc., Chem. 
Commun. 221 (1978); J. Evans, S . .J. Okrasinski, 
A. J. Pribt11a, and J. R. Norton, J. Am. Chem. Soc. 
98, 4000 (1976); i'i. E. Schore, C. Ilenda, and 
R. G. Bergman, ibid. 98, 7436 (1976). 
3. R. A. Schwm, Inorg. Chem. ~-' 2567 (1970). 

4. Prepared according to the method of T. S. Piper 
and G. J. Wilkinson, J. Inorg. Nucl. ChePl. ~' 104 
(1956). 
5. R. F. Heck, Ace. Chem. Res.~, 10 (1969), and 
references cited therein. 
6. N. !-!. Alemdaroglu, J. M. L. Penninger, and 
E. Oltay, Monatsh. Chem. 1:_Sl2, 1043 (1976). 

2. COliJVERSION OF 1viT~TAL ALKYLS Ill. TO ALKAl\JES BY 
HYDROGENATION 

Andrew H. Janowicz and Robert G. Bergman 

We are studying the mechanism of metal alkyl 
hydrogenation (Eq. 1). 

(1) 

The mechanism can lead us to a better understanding 
of portions of significant industrial processes 
such as hydroformylation and homogeneous hydrogen
ation, where such a reaction is postulated to be 
the product-forming step in the proccss.l The 
specific system we are investigating is the 
reaction of (n5-c5II5)CoPPh3 (oi3) 2, 1, with Hz 
Hh1ch y1elds two equivalents of methane and 
(n 5-c5H5)Co(PPh3) 2, ~' as the isolable organometal 
lie product (Eq. 2). 

(2) 



Adding ligand to the above react ion signi 
retards the rate of hydrogenation. In fact, an 
added of PPh3 leads to an induction 
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period of almost 20 hours, while without added PPh3, 
the reaction is complete in two hours (Fig. 1). 
Since an induction period sometimes a 
radical chain mechanism, the hydrogenation of 2 was 
carried out D2 in the presence of a good 
raclical trap, l, 4-cyclohexadiene (Ciill). In the 
absence of OlD, 1 + Dz yields t1,·o equivalents of 
98 ± 3% Cll3D. l\'ith Clill present, radic:Jls should 

considerable amoLmts of CH4. llmvever, He find 
the methane produced in tlns reaction is >4: 1 

Cll3D:Cl!4, a result inconsistent with a major radical 
pathway. We believe the small amoLmt of CI-!4 formed 
in the reaction is linked to thennal decomposition 
or oxidation products of l clue to the reac
tion times needed (13 hours at 50-55°C for 50% 
reaction vs. complete reaction in two hours at 45°C 
Hithout added the 1,4-cvclohexa-
diene seems in slowing clown the 
reaction). 

As an alternative explanation for the induction 
period, we suggest an autocatalytic mechanism, 
involving catalysis by the product ~· In order to 
test this hypothesis, the hydrogenation of solutions 
of 2 containing added £ Has examined. When 15 mole 
% f was added to the hydrogenation mixture (contain
ing one equivalent of PPh3), the induction period 
disappeared completely. In fact, the hydrogenation 
of 1 in the presence of three equivalents of PPh3 
and one equivalent of £ also proceeds 1vi thout an 
induction period, albeit somewhat slower than in 
the presence of one equivalent of both PPh3 and f· 

The above results suggest that a previously 
unknoM1 dihydride species, (n5-c5H5)Co(PPh3)H2, ~, 
is the actual hydrogenating agent formed conbnu-

N 
---;<-, 
I 
0 
!<-, 
.<: 
CL 
CL 
0 

0 
Q_ 

0 

a> 
0 

I . 8 1;:----L-±::---~~~--L-~-=--...~__~~--L~,..,J-
0 2000 

Time (min) 

Fig. 1. Time dependence of the log of the concen
tration of starting complex 2 in benzene solution 
at 2 5° tmcler approximately 3 a tom Hz. Legend: 0, 
with no added complex£; 6, with 1.0 equivalent of 
added complex ~· (XBL 801-7811) 

ouslv in small amounts bv the reaction 
Cn5-c5H5)CoPPh3, ~, and hydrogen. A possible 
mechan1sm is sh01m in Scheme 1. This meehanism 
is also consistent with dissociation as an 
step along the mechanistic We have also 

Scheme I 

5 

2 

4 

4 + 
5 

H
2 

____, (n -C
5

H
5

)Co(PPh
3

)H
2 

3 

3 + 5 
VPhJ 
~ 2 cn

4 
+ 2 4 

found that clihydrides such as (n5-c5H5) 2Mol-l2 react 
rapidly with 1 to yield methane. Work 1s presently 
in progress to try to obtain a stable Co(III) 
dihydride as well as to work out the specific 
kinetics of hydrogenation 1vi th other alkyl deri va
tives of 2· 

* * * 
l. M. Orchin and W. Rupilius, Catal. Rev. _()_, 85 
(1972). 
2. L. Kaplan, "Free Radicals," in Reactive Inter
mediates, Vol. 1, M. Jones, R. and R. A. Moss, eels., 
(John Wiley and Sons, New York, 1978). 

3. REACTION OF A METAL ALKYL WITH ETHYLENE AS A 
lVlODEL FOR ZIEGLER-NATfA POLYMERIZATION. EVIDENCE 
FOR THE OLEFIN INSERTION Jv!ECHM\JISM t T 

Eric R. Evitt and Robert G. Bergman 

Dimerization, oligomerization, and Ziegler-Natta 
polymerization of ethylene and other olefins are 
among the most important homogeneous catalytic 
processes.l It has long been assumed that these 
reactions involve insertion of olefin into the 
metal-carbon bond of an intennediate metal alkyl.2,3 
Green and his coworkers have pointed out recently, 
howeveT, that there are no unambiguous examples--
in either early or late transition metal complexes
in which a well-characterized metal-alkyl-olefin 
compound has been observed to undergo this inser
tion reaction.4 This has led them to suggest an 
alternative mechanism for apparent insertion 
reactions which involves a-elimination to fonn a 
transient carbene complex. In this article, we 
report that the well-characterized3e,5 cobalt 



complex 1 (Scheme 1) reacts cleanly 1vith ethylene, 
giving propylene and methane as products. \Ve have 
carried out a labeling study which demonstrates 
(in agreement with the classical view) that 
insertion, rather than a.-elimination, :is the 
critical step in the mechanism of this reaction. 

Scheme I 

\ 
~ CpCo(CO)PPh

3 

Reaction of 1 ethylene at 76° gave methane (91%), 
propene (84%), and complex h (100%). These 
products can be explained by either a classical 
mechanism involving insertion of ethylene into a 
metal-carbon bond (Scheme 2), or by the Green
Rooney alternative involving a.-elimination 
(Scheme 3). Because our system involves charac
terizable complex 1, it is possible to carry out 
labeling experiments which clearly distinguish 
these two alternatives. This involves treatment 
of appropriately labeled 1 with labeled and 
unlabeled ethylene, and analysis of the isotropic 
distribution in the methane and propene produced. 
1v11en 1-d21 (completely deuterated phosphine and 
methyl groups) was treated with ethylene, mass 
spectral analysis 'of the product methane shmved 
that it was identical 1vi th C:D3H synthesized by 
quenching a portion of the CD3Mgi, used to prepare 
1-d21 , with H2o. Similar analysis of the propene 
produced showed it to be:?96% propene-d3. In a 
second e>..l)eriment, reaction of 1-d21 1vith ethylene
elL) gave 95% CD4. These results demonstrate that 

Scheme 2 

CpCo(PPh5(CH3 )2~ PPh
3 

+ 

l 
CH 3 CH

2 
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C+-11 
CH 3 CH

2 

/CH2 CH
2

CH
3 CpCo 

~CH 

CH 3 CH2 c+-f-
H H CH

3 3 

B c 

+ CpCo-::fC 
H CH 3 

2 + CH 3 CH=CH
2 

D 

Scheme 3 

CHz 

CpCo~ -----10> 2 

H CH
3 

D 

(a) the new methane hydrogen is derived from the 
ethylene and from no other hydrogen source in the 
system (cyclopentaclienyl ring, solvent, phosphine) 
and (b) a complete methyl group is trans[erred to 
the ethylene. This clearly establishes insertion, 
rather than a-elimination, as the mechanism 
responsible for ethylene methylation by complex l. 

It is still certainly possible that Ziegler
Natta polymerization and/or other apparent inser
tion reactions take place by the a-elimination 
route. However, in our opinion, those in favor 
of this mechanism must now shoulder the burden of 
proof for establishing it. 

* * * 
tBrief version of LBL-8471; J. /lm. Chem. Soc. l_(ll, 
.. 3973 (1979). 
+supported in part by the National Science 
Foundation. 

l. L. S. Reich and A. Schindler, Polvmerizations 
(Wiley- Intcrscience, 

J. Polym. Sci. 
Taqui Khan and A. E. Martell, 

Homogeneous Catalysis bv Metal Complexes, Vol. II 
(Academic Press, Ne\V York, 1974), pp.110-117. 
2. Sec, for example, G. llenrici·Olive and S. Olive, 
Fortschr. Chcm. Forsch. 67, 107 (1976); D. L. Thorn, 
and R. Hoffman J. J\m. Chcm. Soc. 100, 2079 (1978); 
R. F. Heck, 90, 5518 (1968); H. A. Dieck and 
R. F. Heck, ibid. 96, 1133 (1974); M. P. Cooke, 
Jr. and R. lvl. Parlman, ibid. 99, 5222 (1977) and 
97, 6863 (1975); B. L. Booth~\!. Gardner, and 
R.-N. IlaszeJcline, J. Chem. Soc., Dalton Trans. 
l85G (19 D. E. J;cunes and J. K. Stille, J. i\m. 
Chern. Soc. 98, 1810 (1976). 
3. For somcapparent examples of insertion of 
alkynes into metal-carbon o-boncls, see (a) H. C. 
Clark and R. J. Puddephatt, J. Chem. Soc. Chem. 
Commun. 92 (1970); (b) ~1. H. Chisholn1 H. C. 
Clark, Ace. Chem. Res. 6, 202 (1973); (c) S. J. 
Tremont and R. G. Bergman, J. Organomet. Chem. 140, 
Cl2 (1977); (d) H. G. Alt, ibi.cl. 127, 349 (1977}; 
(e) E. R. Evitt and R. G. Bergman,]:- 1\m. Chem. Soc. 
100, 3237 (1978). 
~ K. ,J. Ivin, J. J. Rooney, C. D. Ste1vart, 
JII. L. H. Green, and R. Mahtab, J. Chem. Soc., 
Dalton Trans. 262 (1979). 
5. R. B. King ~1org. Chem. 5, 82 (1966); 
!!. Yamazaki and N. Hagihara, J. Organomet. Chem. 
~, 431 (1970). 



417 

4. RE;\CTlON OF ;\ BRIDGED BII\:1JCLEi\R DIALKYLCOBALT 
COilll)JJ:X Wl'lll CO '\J\Jll PHOSPHINES. OBSER\'i\TTO~ or: 
CUIPETI\JG .\\JD l\JTRJ\\!OLLCUL\R illl~TflYL 
TR;\NSll:I~ f 

llenry L. Bryndza and Robert c;. Borgman 

The binuclear cLialkyl complex 2 reacts rapidly 
with carbon monoxide at 25°C, loading to a quanti
tative yield of_? and acetone, a process in 1vhich 
a binuclear transition metal complex mediates the 
formation of two now carbon-carbon bonds (Chart 1). 
In a study ,l we established that complex ,2 
is an intennecliate in this reaction and that sub
stantial amolmts o[ d3-acetone are produced in a 
carbonylation of equimolar mixtures of 1-c16 and 
2-c10. This demonstrates that an intonnolecular 
process occurs the carbonylation of 2· 

ln order to detornrine 1vhother this intonno1ocu
Jar process is on the direct pathway leading from 
2 to }, we have noh' prepared Z (Chart 2), a complex 
analogous to 2, but having its two cyc1opentadienyl 
rings j oinecl by a methylene \lie find this 
structural modification alloh·s us to control the 
intramolecularity of the carbonylation reaction. 
In addition, Z undergoes a remarkable reaction with 
phosphines 1\'hich restricts mechanistic 
possibilities for these reactions. 

Complex Z 1s less reactive than 1 and reouires 
temperatures of 70°C to achieve carbonylati~n (to 

Chart I 

a mixture of 5 and acetone, as shown in Chart 3) at 
a reasonable rate. Under these conditions, the 
carbonylation can be made to follow a predominantly 
intra- or intennolecular pathway varying the 
concentration of complex as shown in 
the crossover experiments listed in Table 1. 

Treatment of ~ 1vith PPh3 gave a complicated 
reaction leading to some acetone as well as several 
carbonyl-phosphine complexes. We believe this is 
clue, in part, to the rate of reaction of l with 
PPh3 being comparable to the rate of thennal 
decomposition of In contrast, stable 
temperature, rapidly 1vi th 
~ in quantitative (Chart 3). 
cleanliness of this reaction, crossover experiments 
indicate once that inter- and intramolecular 
processes are which are dependent upon 
the concentration (Table l). 

The production of only complex§ strictly limits 
the mechanistic alternatives. In fact, the appear
ance of two CO Li.gands bound to one cobalt in a 
system where the mixecl phosphine carbonyl complex 
is kno\\~1 to be more stable requires that one cobalt 
retain its bonding to both carbonyls throughout the 
entire reaction. This restriction leaves little 
reasonable alternative to path (b) on Chart 4 and 
mles out our ini hal h)'l)Othesis outlined in path 
(a). 

Kinetic studies provide further details concern-

?i 
CH3CCH3 

~~o CpCo(C0)2 + CpCo(CH 3l2CO ~ + 
CpCo(COl2 

2 

Chart 2 

+ - CH2CI 2 
(C5H5)2CH2 

Co2(C0)8 ~CH2~ No C5H5 -THF/02 CH2Ct 2 I I 
Co(C0)2 (C0)2Co 

4 5 

~ 
-'-

~ Na/Hg 
Na+ 

CH3I Coy Co -- /\o--Co 
CH3 y ~CH3 

0 0 

6 7 
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8 

Chart 4 

~CH2~ 
I I 
Co· ·Co 

/"'-. /"'-. 
CH 3 CO CO CH 3 

A 

7 
+L ~ /Co Co 

CH3/ I"L 
CO CH3 
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ing the intimate mechanism of the first step of 
this reaction. THo distinct possibilities exist 
for the generation of C: either z and 
phosphine react in a direct associative process 
or reaction proceeds through an Lmsaturated unstable 
intermediate, such as E, 1vhich is then trapped by 
phosphine to yield C. The dependence of the reac
tion rate upon phosphine dramatically confinns the 
latter hypothesis. Reactions of with excess PPh3 
show pseudo-first order kinetics the conversion 
of Z to §. As (PPh3) is raised !rom relatively 
low absolute concentrations the observed reaction 
rate becomes independent of phosphine as shown in 
Fig. 1. This is exactly the behavior predicted by 
the reaction scheme in Ch;nt 5. J\nalysis of the 
kinetic data yields k1 = 1.28 x lo-4 secl and 
k_ 1;k2 = 4.3 x 1o-2 M-1. 

~CH2-'@:J 
I I 

Co(C0)2 CH3- To- L 

CH3 

D 8 

Table 1. Isotope labeling data obtained in crossover experim61ts on the reaction 
of mixtures Z-do and Z-d6 with CO and PPh3. 

Starting Complex (%) 
Acetone Products 0 

Molecularity Total Entering 
Cone. (m) 7-d 7-d Ligand T(°C) d d3 d6 %Intra- %Inter-

0 - 6 0 

0.25 53 47 co a 70 40 28 32 44 56 

0.05 55 45 co a 70 52 5 43 90 10 

0.25 46 54 PPh b 
3 25 38 16 46 67 33 

0.05 49 51 PPh b 
3 

25 49 1 50 98 2 

0.25 69 31 PPh b 
3 

70 69 3 28 93 7 

a Toluene solvent b Benzene solvent c Isotope Analysis was by GC/MS. Acetone was obtained as the direct 
product of the carbonylation reaction. In the PPh

3 
reaction, product 8 was first diluted to a concentration 

.:> 0.05 !::!. and then carbonylated to generate acetone for GC/MS analysis \the run at 0.05 M 7 precludes the 
possibility of significant label scrambling during the carbonylation of 8 at these concentrations). 
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0 
0 0.2 0.4 0.6 0.8 1.0 

(PPh 3 ] (M) 

Chart 5 

7 

E 

Fig. l. Dependence of the 
constant for reaction of 7 
the concentrcl tion of PPh~) ~ 

- d [L] 

dt (k.l/ k2) + [ L) 

This study emphasizes that even \\·hen organometal
lic reactions are kinetically well-behaved and give 
only one product in quantitative vielcl, it is 
critic all v to out crossover 
ments to test In this 
case such , combined with the 
nature of the transformation invol vee!, have a1lmved 
us to delineate especially shmlJly the mechanism 
of carbon-carbon bond formation mediated by this 
binuclear organotransition metal complex. 

* * * 
t Brief version of LBL-9027; .J. i\m. Chem. Soc. l_D_~, 
t-4766 (1979). 
.. Supported in part by the :0ationa1 Science 
Fmmdation. 

1. N. E. Schone, C:. S. Jlencla, and R. c;. Bergman, 
J. J\m. Chem. Soc. 98, 74~)6 (1976). 

pseudo-first-order rate 
1vi th excess PPlh upon 

.) 

(\BL 802 · 8223) 

REVERSIBLF rTI:Ti\L TO·MEI!\L li!ETHYL TR!\NSI'ER I0! 
-CYCLOPE"JT!\llTE0JYL (TRHIETHYLPHOSP!Ui'i'E) DHIETHYL· 

COBALT(III)i 

I-lenry R. 
Robert C. 

, Eric R. Lvitt and 

Although and halogen 1 i which bridge 
t1vo (or more) metals arc ubiqu.itous in organotran 
si tion metal chemistry, 1 bridging alkyls are of 
interest with to the case or difficulty of 
alkyl transfer bet1veen different types of atoms, 
and because are species 1vhich can provide 
evidence about the structure of hypervalent 
Their occurrence as stable species in a fmv 
suggests that they m.i_ght be accessible as transi · 
ti.on states or short··li.vecl intermediates from many 
of the stable Jmmv11 metal alkyls. 

i\ 1 kyl exchange involving the RCpCo (L)illez moiety 
during an investigation of the intra· 

of the carbonylation of 1 (Scheme 1) . 
\1~1cn a mixture of 1 and l--d6 was carbonylatecl at 

(0. Z'iill) concentrations, about 10% ct3-acetone 
\\'as obtained, in addition to the expected cl0- and 
cl6 -acetones from intramolecular_recluctive 
elimination. a mixture of 1 and l·d5 at 
60°C for 40 hrs Ltbsence of CO, followed by 

at concli. tions 1vhcrc no d3 ·acetone 
\vas formed from 1 and 1 · d6 , y ic lclecl a 
statistical (1:2:1) ratio of clo--. and d5· 
acetones. Clearly the scrambling reaction was 

place pri.or to and independent of carbonyl· 
ation in the first experiment. 

fn order to study the alk\'l transfer directly 
by 111 ~'/I!R, we prepared and examined the reaction 



Scheme 

I, L ::::: PPh3 , X ::: H 
I ~d6 , L ::: h3 , X ::::: D 

3,L :;;:. PMe 3 , X ::: H 
3 ~L ~ 3 , X= D 

Scheme 2 

CpCo (Ll) (CH
3

) 
2 

+ 

+ 

+ 

Table 1. Rate constants for methyl 
(Solvent: TIIF-dg) 

Lig:ands 

(a) Ll L2 "' PPh3 

(b) Ll PPh
3

, L2 + PMe
3 

(c) Ll L2 PMe
3 
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-d6 and its spectroscopically distin-
unlabeled 1111en equal amounts 

of !-cl6 react at 61.7°, the 
1!-l \NE the mixture showed an increase, 
Hith time, from the methyl 
groups on in the analogous signal 
from ?· addition of excess phosphine slowed 
the reaction, compounds 2-c16 and ~-cl0 [in which 
the P(CH3)3 does not dissociate] were prepared. 
These shmvecl no However, when ! -d6 and 4 
were heated together a slm,·er, but nevertheless 
marked, methyl exchange \vas noted. These results 
indicate that exchange requires dissociation of 
one phosphine from a pair of molecules. 

By munerical int0gration using an interactive 
computer program, 3 \v8 w0re ab18 to satisfactorily 
model this complex reaction system (Scheme 2) where 
many chGmically distinct but spGctroscopically 
iclGntical speci8s are present. Rate constants are 
calculated and listed in Table 1 with "m0thyl 

(1) 

(2) 

(3) 

(4) 

(5) 

2 MeCpCo ( 6) 

reactions shoh'n in Scheme 2 

0 

0 0 0 

astarting concentrations of cobalt complexes in each case are 
0.175 M. 



concentration" vs. time simulati.on:; plotted in 
Figs. l and 2. 

R 

2 3 4 5 6 7 8 9 
time (hr) 
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10 

Fig. l. Computer simulation of the rate of methyl 
exchange in the reaction bet,,·ecn ! -d6 and ~ ( 0) 
and bet1>een ! and ( 0) . ll iamoncb ( 0 i ;md eire les 
(0) are data; solid lines are calcu-
lated the constants sh01111 in Table 1. 
The function R on the abscissa is the ratio 
of integrated metal-bound methyl absorption in the 
Cp-substitutecl complex in each reaction, divided by 
the total C!!3 integration (metal- bound methyls in 
Cp-substitutcd plus MeCp-substituted complexes). 

(XBL 802-8235) 

The experimental data allow us to drm,• some 
conclusions about the mechanism of methyl 
\Ve believe phosphine is first lost from a 
reacting molecule in a rapid pre-equilibrium step, 
followed by reaction 1vith a second, coorclinatively 
saturated, molecule (as sho\\~1 in Scheme 3). This 
gives a transition state such as B, ~Vhich serves to 
exchange methyl groups 

Scheme 3 

CpC'o(C'D
3

)
2 

+ L lli 

A 

I 2 I 

c 

I 3 I 

0.15 

0 

R 

0.10 

0 

0 

0.05 

o~~~~~~-~-~~~·~~~~~~-----

o 2 3 

time (hr) 

Plots of the ratio R (see Fig. 1 for 
of this ratio) vs. time for the foll01ving 

reactions: 0 = l-cl6 with ~; 0 = ! -d6 1vi th ~; 
0 1-d6 1vith containing excess (1. 75 _M) PPh3 ; 
6 = ~-d6+~. (XBL 802-8234) 

We have obtained preliminary results which 
i.ndicate this phenomenon be more 

than related 
studies we have folU1cl that and CpzZr~lez show 
a similar exchange and that ~ ancl CpCo LPPh3J (C2H4) 
sh01,· related access to the reaction manifold 
depicted in Scheme 2. 

tBrief version of LBL-10213. 
l. For leading references regarding the extensive 
body of literature dealing with bridging halogen 
and hydride see F. A. Cotton and G. Wilkin-
son, 3rcl edition, 
(Wiley , , Chapter 22· 
E. L. illuetterties, Transition Metal 

Dekker, )!e,,· York, 
C. Krueger, J. C. Sekutowski, H. Berke and 

R. !loHman, Z. Naturforsch. 1110-S (1978); 
~!. B. Hursthouse, R. A. Jones, il-l. Abdul Jllalik 
and C. Wilkinson, .J. Am. Chem. Soc. 101, 4128 
(1979); R. B. Calvert and .J. R. Shapley, J. Am. 
Chem. Soc. 100, 6544 (1978); A. F. l>Iasters, 
K. Jllertis, rr:. Cibson and G. Wilkinson, Nouv. J. 
Chim. l, 389 (1977); J. Holton, 01. f. Tappert, 
D. G. Fl. Ballard, R. Pearce, .J. L. At,,·ood and 



lV. E. Hunter, J. Chem. Soc., Chem. Commun. 480 
(1976); R. B. Calvert and J. R. Shapley, J~m. 
Chem. Soc. 100, 7726 (1978). 
3. Program f\!SIM4 developed by D. L. Bunker and 
F. Houle, University of California, Irvine, Ci\, 
and available from the Quantum Chemistry Program 

(Program 11293). 
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One of the most important results lmcovered in 
our work during the past year has been the discovery 
that interaction of transition metal hydrides and 
metal alkyls plus /-.1-R reactions) can result 
in unusually rapid carbon-hydrogen bond formation. 
We 1vill plan research that will help us understand 
the mechanism of this fundamental transformation, 
and examine knmm processes in which we now believe 
the process plays a critical role. We first plan 
to investigate the scope of !>HI plus tvr-R reactions 
(e.g., how their rate is affected by changing metals, 
altering structure of the R group, and employing 
different ligands attached to the metal). We will 
examine further the reactions of metal alkyls with 
alkenes, to test our hypothesis that M-H plus 
!vi-R reactions are involved in certain of these 
processes. Many metal-catalyzed transformations 
of organic materials involve tennination steps in 
which the organic product is released by cleavage 
of a metal-carbon bond and formation of a carbon
hydrogen bond (e.g., homogeneous hydrogenation, 
Fischer-Tropsch reactions, hydroformylation). 
Our recent results suggest that many of these 
processes also involve reaction between metal 
hydrides or dihydrides and metal alkyls, rather 
than direct reaction between the metal alkyl and H2. 
A significant part of our effort will be devoted to 
determining which systems operate by this mechanism 
and which do not. These investigations should 
provide a deeper understanding of metal-catalyzed 
processes, and this understanding should provide 
more effective means of controlling and improving 
them. 
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a. High-Pressure Phase in 

John M. Prausnitz, Investigator 

1. HI GI-l- PRESSURE PHASE EQUILIBRIA FOR ~!ETI-IAJ"JE 
WATER (BRINE)!· 

Wallace 13. W1Lting and Jolm ~I. Prausnitz 

Geological studies have indicated that there 
are very large deposits of natural gas in deep 
reservoirs in Louisiana and the Gulf of Mexico 
region. These reservoirs, or aquifers, contain 
natural gas (mostly methane) in contact with water 
or brine at pressures near 100 i'!Pa. At present, 
it is not economical to mine these reservoirs, 
but, in view of the very large deposits, there is 
much incentive to make such mining attractive. 
This project is concerned with obtaining some of 
the fundamental physico-chemical information re
quired to do so. 

We seek a molecular-thcmnodynamic method for 
calculating the high··pressure phase equilibria of 
aqueous systems containing methane, small amounts 
of other light hydrocarbons, nitrogen, and carbon 
dioxide. Toward that end, we have initiated 
mental and theoretical research. The latter is to 
supply a suitable model for interpreting and corre
lating previously published and ne1v 
data. 

a. Experimental. We are using a high -pressure 
static-eqmllbrium apparatus similar in concept to 
those described by Sclmeider, 1 

We have constructed a high-pressuTe ce11 of 
INCONEL (a nickel-chTomitun a1loy) with a 2. 5 em 
inside diameter and an inside height of 33 em. 
All surfaces 1vithin the system exposed to the 
methane-wateT (brine) mixtme are of INCONEL or 
type 316 stainless steel. Our major tool for 

the samples is a gas chTomatograph that 
we are now calibTating. 

The cell is charged with a mixture of methane 
and water (brine). 111e temperature of the cell is 
raised by an external electrical-resistance 
heating mantle, and pressure is increased by a 
hand-operated piston pump. For various temper
ature-pressure conditions, small (less than 0.1 cm3 
each) samples of both phases (vapor and liquid) 
are removed for chemical analysis. \Ve cl0termine 
the concentration of methane and water in the 
samples by gas chromatography and the concentra
tion of salt by titration. 

* This work \vas support0d by the Division of 
Chemical Sciences, Office of Basic Energy 
Sciences, U.S. Department of f:nergy. 
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Systems* 

Our apparatus is designed for temperatures be
tveen ambient and 400°C and pressures to 200 ~·!Pa. 

Working within these ranges, we e::qJect to observe 
the critical region of the methane-water and 
methane-brine systems. Very little reliable 
experimental information is available for the 
fonner m this region; none is available 
for the 

To assure safety, we have pressure-tested our 
system at twice its rated working pressure and are 
arranging a schedule of periodic inspections by the 
LBL mechanical engineering department. In the 
event of equipment failure, operating personnel 
are protected by the strong barricade of steel, 
alwninum, and wood erected around the high-pressure 
portion of the apparatus. 

b. /vlolecular··111ennodynamic Model. We have de
velopedi:hree models for the methane-water system. 
For each model, we have derived a partition func
tion from which we can calculate the fluid-phase 
equilibria. 

1. TI1e perturbed-hard-chain theory of Beret, 
Donohoe, and Prausnitz2,3 for fluid mixtures of 
nonpolar COTilpounds has been extended to include 
water by splitting the potential-energy parameter 
for water into a nonpolar part (from the spheri-

symnetric portion of the potential) and a 
polar part (from the orientation-dependent port10n 
of the potential). 111e latter is temperature
dependent, approximately proportional to the in
verse of the absolute temperature. 

2. By a chemical dimerization 
hypothesis on t~e perturbed-hard-chain theory, 
Gmehling et al. developed a model that is 
rec:.sonably accurate for calculating the phase 
equilibria of polar fluids. In this model, the 
stTong orientational forces between polar molecules 
are accounted for by postulating the existence 
of climers in equilibrium with the monomers. 

and Prausnitz::> extended this idea to water 
by considering not only water dimers but trimers, 
tetramers and all higher-order j-mers. We have 
extended dimerization model to methane-water 
mixtures. 

3. By considering the nonrandomness of polar 
fluids, we have developed a two-fluid theory, 
which we are applying to the metha:ne-water system. 
This theory is more fully explained in article 2. c. 
below. 



Methods l and 2 above show semi-quantitative 
agreement 1vith the limited el\'Perimental data now 
available for methane-water. ~lethod 3, the two
fluid theory, shows better quantitative agreement; 
we expect to develop it more fully. 

Once we have a satisfactory model for methane
Hater, we expect to allow for salt effects by 
incorporating some of the work of Pitzer6 on 
aqueous salt solutions. 

'Brief version of LBL- 9571. 
l. G. l'l. Sclmeider, Chapter 16, Part 2, in 
Experimental Thermodynamics, Volume II , edited by 
B. Le Neidrc and B. Vodar, Butterworths, London, 
1975. 
2. S. Beret and J. ~!. Prausnitz, AIChE J. 21, 
ll23 (1975). 
3. ill. D. Donohue and J. ill. Prausni tz, AIChE J. 
24 849 (1978). 

J. Gmehling, D. D. Liu, and J. Ill. Prausnitz, 
Chem. Eng. Sci. 34, 951 (1979). 
5. \11. B. Whiting and J. Ill. Prausnitz, in Proc. 
Int. Conf. Prop. Steam, 9th, 1979; LBL-9571. 
6. K. S. Pitzer, Accounts of Chem. Res. 10, 371 
(1977). -

2. MODIFICATIONS OF GEI\1J3RALIZED VAt\! DER WAALS 
TI!EORY FOR MIXTURES 

Wallace B. M1iting, Eldon R. Larsen, and Jolm M. 
Prausnitz 

The generalized van der Waals theory has been 
the most useful theory of fluids for engineering 
purposes. TI1e simplicity of the resulting par
tition fLmction far outweighs, in most cases, the 
inaccuracies caused by the asswnption that the 
intennolecular potential can be separated into a 
hard-sphere-repulsive and a simple attractive 
part. However, in three generalized 
van der Waals theory, as presently used, becomes 
significantly inaccurate. We have focused our 
attention on these three regions. 

a. Low-Density Region. In the low- density 
region, the common asswnption of random mixing, 
or unifonn density, is not valid. Because almost 
all equations of state are based on the random
mixing asswnption, they predict second -vi rial 
coefficients that are consistently too positive. 
We have used this observation to develop an empir
ical correctionl,Z to the partition function that 
enables reproduction of the el\11erimcntal second
virial-coefficient data but does not affect proper
ties far from the zero-density limit. ]l1is correc
tion can be applied to any partition fw1ction for 
pure components and for mixtures. 

b. Critical Region. No generalized van der 
Waals equation of state fits pure-component vapor
liquid-equilibria data near the critical point if 
the adjustable parameters are evaluated from data 
away from the critical region. We have examined 
this problem using the equation of state and 
accompanying parameters reported by Oellrich, 
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l<napp, and Prausnitz. 3 By use of their equation 
and parameters, we obtain a good representation of 
the vapor-liquid equilibria of simple molecules 
away from the critical , but the prediction 
is bad in the critical region. We are, therefore, 

to make semi-empirical corrections to this 
of state so as to improve the fit in the 

critical region yet not affect accuracy remote 
from the critical point. We are using error fLmc
tions that are finite only in the critical region 
and essentially zero elsewhere. 

c. J\symnetric i'lixtures. The poor (although 
common) assw>iption of rancTom mixing is particularly 
bad for asymnetric mixtures, where the molecules 
of the two (or more) components vary greatly in 
size and/or intermolecular potential. For such a 
mixture, homogeneity is not attained; local concen
trations differ from overall concentrations. For 
a binary mixture, we propose a two-fluid theory in 
which the local compositions are related to the 
overall compositions with Boltzmarm factors of the 
intcmnolecular energies of the local configurations. 
By using local surface fractions (rather than local 
mole fractions), we can take into accow1t differ
ences in molecular size, and, by using the Boltz· 
marm factors, we can take into account differences 
in intermolecular potentials. Our initial success 
with the two-fluid theory (for the methane-water 
system) is promising. 

* * * 
l. W. B. 1\~1iting and J. N. Prausnitz, in Prot. Int. 
Conf. Prop. Steam, 9th, 1979; LBL-9571. 
2. A. I. El-1\vaty, Ph.D. thesis, University of 
California, Berkeley, 1979. 
3. L. R. Oellrich, H. Knapp, and J. M. Prausnitz, 
Fluid Phase Equilib. ~' 163 (1978). 

3. LIQUID- LIQUID PJli\SE EQUILIBRIA FOR HEAVY 
H'lDROCARBON- WATER SYSTl1'-lS 

Frank E. Anderson and Jolm ~!. Prausnitz 

In coal gasification operations, a complex mix
ture of primarily aromatic compounds, called coal 
tar, is contained in the effluent gases. A 
portion of the molecules in coal tar contain hetero
atoms· these are primarily oxygen, but some sulfur 
and are also present. Roughly 85% of the 
compounds in coal tar have normal boiling points in 
the range: 220 to 420°C.l In normal gasifier 
operation, the hot e±±luent gases are quenched with 
water. This quenching removes the high-boiling 
coal tar and results in clean, transportable gases 
plus a liquid water-coal tar mixture. 

As many of the molecules in the coal tar are 
, it is unlikely that a simple ambient

temperature decantation scheme will provide efflu
ent water of purity sufficient for legal discharge. 
Also, some compoLmds contained in these coal tars 
may be valuable and, hence their recovery may be 
warranted. We must, , perform some sep
aration process on the water--coal tar mixture. 
11ms, it is necessary to predict both the liquid
liquid (LLE) and the vapor-liquid (VLE) phase 



equilibria for these water-coal tar svstems. 
Tmvarcls that end, He have Lnitiated e~verimental 
and theoretical programs. 

An apparatus is currently being desig11ecl for 
measurment of both binary and multicomponent LLf: 
[rom ambient comlitions to 2S0°C and 5 0IPa. 
Correlation of the binary LLE data will be 
accomplished wi.th the UNIFAC: method for 
coefficient estimation. 2 UNIFAC: is a group-
contribution method that group-interac-

parameters. From our binary LLE data, 
these parameters for groups not 

stucli.ecl. These nmv groups appear in 
aromatic compounds nitrogen, sulfur, 
or oxygen. The parameter table will then 
be used to water-coal tar phase 
libria of interest. Prom such a model whose 
parameters have been evaluated from LLE data only, 
one can predict both VLE and LLE. An alternate 
possible technique for data is sug-

by the 

1. A. B. illacknick, Ph.D. thesis, University of 
California, Berkeley, 1979. 
2. Aa. Freclensluncl, R. L. Jones, and J. M. 
Prausnitz, J\IChE J. 21, 1086 (1975). 
3. R. A. Pierotti, C:hem. Rev. 76, 717 (1976). 
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to obtain eAver
equilibria 

our apparatus. Second, we 
plan to construct a new apparatus for measuring 
heavy hydrocarbon-water liquid-liquid equilibria. 
Finally \Ve develop further our two-
fluid mixtures, our critical-

corrections to the 
generalized van der and 
the scaled-particle 
aqueous-hydrocarbon phase 
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1. Heavy Element Chemistry 

a. Actinide 

Norman M. Edelstein, Richard A. Andersen, Neil 
Bartlett, John G. Conway, Kenneth Raymond, 
Glenn T. Seaborg, Andrew Streitwieser, Jr., David H. 
Templeton, and Allan Zalkin, Investigators 

Specific Sequestering Agents for the Actinides 

1. REMOVAL OF 238Pu(IV) FRQlvl MICE BY SULFONATED 
TETR!'IMERI C CATECHOYL NVliDES r 

P. IV. Durbin, E. S. Jones, K. N. Raymond and 
F. L. Weitl 

In response to the biological hazards associated 
with the nuclear fuel cycle and nuclear research 
sites, we have developed and are investigating a 
biomimetic design concept of agents 
for eight-coordinate actinide ions in general, and 
Pu(IV) in particular. PlutoniLun is a pot~nt 
carcinogenl since once absorbed by body t1ssues, 
it exhibits long tenn retention in manunals. This 
1s knmvn for humans2 as well as test an:tmals such 
as doas. 3 Although plutonium coJrunonly exists in 
aqueo~s solution in each of the oxidation states 
from III to VI, biological evidence indicates that 
most, if not all, exists in vivo as Pu(IV), wher~ 
it is complexed by avmlable b1oorgamc ligands. 

There are many similarities between Pu(IV) and 
Fe(III). These range from the similar charge/ 
ionic-radius ratio for Fe(III), and Pu(IV) (4.6 
and 4.2 e/A, respectively) to their similar trans
port properties in marrunals, where it is knm_v~1 that 
Pu(IV) is bow1d by the iron-transport protem, 
transferrin, at the site which nonnally bmcls 
Fe (I II) . 4 Thus the design of Pu (IV) sequestering 
aaents which are similar to naturally occurnng 
F~(III) sequestering agents suggests itself as_a 
biomimetic approach. Since 2,3-dlhydroxybenzOlc 
acid (DHB) is a component of several siderophores 
and in particular is found in enterobactm 
[cyclotris(2,3-dihydroxybenzoyl) -N-£-senne], a 
powerful iron transport and_sequestenng agent of 
enteric bacteria,S we ant1c1patecl that the macro
cyclic tetra(DHB) chelates would prove to be highly 
specific and powerful sequestermg agents for 
actinide ions. In fact they pronnse to be more 
effective than the agent in use today, CaNa3 DTPA 
(diethylenetriaminepentaacetic acid). 

The CAl\! ( catechoylmnide) 1 igands were subj ectecl 
to a preliminary testof acute toxicity. Groups 
of five mice were each given five consecutive 
daily injections of a C,c\111 ligand. Body weights 

"This work was supported by the Division of 
Nuclear Sciences, Office of Energy Sciences, 
U. S. Department of Energy. 

were recorded before the first injection and at 
the end of the test. One 1veek after the first 
inj the mice were ki llecl and the 

gross pathological changes. 

The nitrated GJ\1 , 3,2,3,2-CYCi\J\l(NOz) 
(cyclicC!\M) (Pig. 1), \vas 100% lethal at seven clays 
(after a total close of 150 )Jmole/kg). Three sepa
rate toxicity tests Here made of 4,4,4-LlCiiNS 
(linearCA"lsulfonatecl) (Fig. 2), in which one of 
l:Omice died in seven clays (after a total close of 
110 pmole/kg) , and most of the mice showed oliguria 
and severe anorexia leading to 20% loss of body 
weicrht and fecal emaciation of particular-
ly liver and kidneys. None of the other linear or 
cyclic sulfonated CAJ\l ligands (Figs. 1 and 2) were 
acutely toxic in mice-there 1vere no deaths, no 
significant weight losses, and no gross pathology 
of the viscera. 

In sLunmary, the initial premise proved correct
electron donor groups that preferentially bind 
Fe(III) (in this case the o-hyclroA;ls of catechol) 
also bind Pu(IV) efficiently. All of the tetra
merle 001 ligands tested, even those that were 
toxic or too insoluble to be excreted, hoLmcl 
nearly all circulating 238Pu(IV). Sulfonation of 
the benzene produced CAl\'lS ligands, 1vhich were 
water soluble could be filtered by the kidneys, 
thereby promoting significant 238ru(IV) excretion. 
The linear CJ\J\!S, 1vi th greater structural 
Has somewhat more effective than the CAMS, 
(Table 1). Propylene bridges were originally 
selected for the prototype ligand, 3, 3, 3, 3-CYCJ\J\l 
(Fig. 1), because the intergroup spacing \Vould_then 
be about the same as in the cyclic 1-serine tr1· 
ester backbone of enterobactin, for which the 
bridge structure is -0-C (0)-. llowcver, in vivo 
testing indicated that , 3, 3- LICAl\lS (F . 2) bound 
238Pu(IV) only about as well as hexaclentate DFOJI!, 
and pH titration verified that only s1x of the 

electron-donor groups of :5,3,3-LICi\MS 
coordinated with Th(IV). of the 
cavity (by lengthening all three connecting 
to butylene units) produced a . , 4 4 4 -.L~CJ~\lS 
(Fig. 2), that completely co?rclmatecl . 1hll\) 
and significant12; increased m v1vo bmclmg and 
elimination of 2:>8pu (IV) , compared to the other 
CAJ\l ligands tested. The 4,4,4-LICJ\MS was moderate
ly toxic. The introduction of a single butylene 
bridge at the midpoint of the backbone peldecl.a 
ligand, 3,4,3-LIO\J\!S (Fig. 2), that was as efh
cient for in vivo 238Pu(IV) bmclmg as an 
amount of CaNa3 DTPA or 4,4,4-LICJ\J\lS, and \Vas not 
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H 

l. Abbreviation(Y) Molecular Formula IUPAC Name 

3,3,3,3-CYCAM(H) 

3,2,3,2-CYCAM(N0
2

) 

toxic in mice 1n the preliminary five-dose screen
ing test. 

All of the tetrameric Cf'u\l ligands-? even those 
that could not be eliminated, bound ~38Pu(IV) in 
the body fluids and prevented further deposition 
in the skeleton (skeletons contained ~ 18% of the 
injected close) and six of the nine Cl\J\1 ligands 
prevented additional deposition of 238pu (IV) in 
liver (livers contained ~ 30%) (fable 2) . 

None o~ the CAM ligands appeared capable of 
removing 38pu from the liver; by contrast some 
238pu present in liver seems to be mobilized by 
CaNa3DTPA. All of the linear Ci\1\l ligands removed 
as much or more 238Pu(IV) from the skeleton as an 
equimolar amount of CaNa3DTPA. 

The Ci\MS ligands are specific for small 
charged cations; at pi! 7 they do not complex 

N9 Nl3 - . (2 3 , , -teLra , -

dihydroxybenzoyl)-tetra-

azacyclohexadecane 

hydroxy-5-sulfobenzoyl)-

tetraazacyclopentadecane 

1 5 9 13 (2 3 N ,N ,N ,N -tetra , -

dihydroxy-5-sulfobenzoyl)-

tetraazacyclohexadecane 

1 4 8 11 
N ,N ,N ,N -tetra(2,3-

dihydroxy-5-nitrobenzoyl)-

tetraazacyclotetradecane (XBL 794-3344) 

divalent illg, Ca, l\h1, or Co and react only weakly 
with Cu(II) and Zn(I1).6,7 Thus, acute depletion 
of essential cl.ivalent metals, which is the toxic 
action of CaNa3DTPA, would not be in the 
case of the CAMS compounds. However, catechol is 
moderately toxic; the lethal close in rats and cats 
is about 500 pmole/kg.S Two possible reasons for 
the of 4,4,4-LICJ\l\!S in mice and of 3,4,3-
LICJ\J\lS in (F. W. Bruenger, University of Utah, 
Wlpublished) are being First, new 
methods are being developed to synthesize and 

the CAMS compounds to eliminate any toxic 
oxidized or halogenated impurities remaining from 
the procedures, 9,10 ancl second, experi
ments are in progress to determine whether the 
Cl\J\lS compounclsll deplete essential cytochrome iron 
from liver and/or kidney cells. However, evidence 
of toxicity at a dosage of 30 pmole/kg of 3, 4, 3·
LIO\J\lS or 4,4,4-LIO\MS should not be a serious 
impediment to development of their use as potential 
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. 2. H n m Molecular Formula IUPAC Name 

2,3,2-LICAMS K 2 3 l 5 9 13 
N ,N ,N ,N -tetra(2,3-

dihydroxy-5-sulfobenzoyl)-

tetraazaundecane 

3,3,3-LICAHS Na 3 3 C37H36N4024S4Na4·2H20· 

l/4Na
2
so

4 

1 5 9 l3 
N ,N ,N ,N -tetra(2,3-

dihydroxy-5-sulfobenzoyl)-

tetraazatridecane 

4, L,, 4-LICAJ'fS Na 4 4 C40H42N4024S4Na4·4H20· 

l/2Na
2
so

4 

l 6 ll 16 N ,N ,N ,N -tetra(2,3-

dihydroxy-5-sulfobenzoyl)-

L,, 3, 4-LICAHS K 4 3 

therapeutic agents, because close-response studies 
now in sho111 that both are as 
effective promoting Pu(IV) excretion as 
reported here (SO to 60%) when given at dosages 
less than one-tenth those used in the present 
studies (P. W. Durbin and E. S. Jones, unpublished 
results). 

·,·Brief version of LBL- 9016. 
l. A. Catsch, Radioactive Metal Mobilization in 
llleclicine Thomas, Springfield, Illii1oJs, 1964. 

. Stoves, D. R. Atherton, and D. S. Buster, 
Health Phys. 20, 369 (1971). 
:S. H. Forcmm~ W. Moss, and \V. Langham, Health 
Phys. 2 326 (1960). 
4. P. Durbin, Health Phys. 29 495 (1975), and 

tetraazahexadecane 

l 6 10 15 N ,N ,N ,N -tetra(2,3-

dihydroxy-5-sulfobenzoyl)-

tetraazapentadecane 

-tetra(2,3-

dihydroxy-5-sulfobenzoyl)-

tetraazatetradecane (XBL 7 94- 3345) 

references therein. 
5. J. B. Neilancls, Eel., Microbial Iron Metabolism 
(Academic Press Ne1v York, N.Y., 1974). 
6. A. E. and R. ll!. Smith, Critical 
Stability Constants (Plenum, Ne111 York, 1976) vol. 3, 
pp. 200, 205, 209. 
7. L. G. Sill en and A. E. i'>lartell, Stability 
Constants of Metal-Ion Complexes, Chemical Society 
of London (spec1al Publ1cat1on No. 25, Suppl. 1), 
pp. 400-402, 1971. 
8. T. Sollman, A i'>lanual of Phannacology (Saunders, 
Philadelphia, 1957), 8th ed., p. 812. 
9. F. L. Weitl, K. N. Ra)0noncl, W. L. Smith, and 
T. R. Ho111ard, J./\m. Chem. Soc. 100,1170 (1978) . 
10. F. L. \Vei tl and K. N. Ra)0nofiCf; J. i\m. Chem. 
Soc., in 
11. F. \Veitl, W. R. Harris, and K. N. Ra)0noncl, 
J. ~!eel. Chem. ~. 1281 (1979). 
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Table 1. Sequence of studies of in vivo chelation of 238Pu(IV) by tetrameric 
-~~·----~- - ~~-~------------·~ ~ ~-~-----

Ligand dosec Data on mice 238Pu d 
b 238Pu 

excreted -------a f!<Reriment no. Corn!Jound (k'mo1e,!'kg) i rlj_e_c.lio_rl__~_k;ol __ ~l_gilj:_j_gl__( ~· absorbed 

3,3,3,3-CYCAM 33 i . rn. 68 26 11 

2 3,2,3,2-CYCAM(N02) 30 i. p. 74 24 7.2 
e 

3 3,3,3,3-CYCAMS 24 i. p. 14 34 37 

4 2,3 ,2-LICM~S 23 i. p. 18 36 37 

6 DiCAMS 80 i. p. 22 40 6.4 

DHBA 78 i. p. 22 40 3.5 

7 1-hr 238 Pu distribution i. p. 22 38 

8 4,4,4-LICA~1S 19 . e 
1 .p. 23 38 59 

9 3,3 ,3-LlCAt~S 24 i . v. 9 32 !!4 

l 0 CaNa 3DTPA 21 i . p. 14 35 63 

DFOM 21 i. p. 14 35 48 

ll 1-hr 2 38 p d . t . b t . u 1 s n u 1 on i. v. 16 37 

12 2,3,3,3-CYCAMS 29 i. v. 17 36 39 

13 3,3,3,3-CYCAMS 30 i . v. 19 38 35 

14 4,4,4-LICAMS 22 i. v. 20 41 63 

4,4 ,4-LICAMS 22 i. p. 20 41 68 

20 4,4,4-LlCAMS 22 i . v. 20 40 56 

21 3,4,3-LlCAMS 20 i . v. 20 40 65 

4,3,4-LICAMS 20 i . v. 20 40 ~3 

aE~eriments in the sequence not relevant to this report are omitted. 
b23 Pu-injected controls accompanied all experiments except Nos. 6, 20 and 21. 
See Figs. 1-5 for formula names and structures. 
~Ligands were injected intraperitoneally (in 0. 5 m1 of isotonic saline) 1 hr after the 238pu injection. 

In experiments 1 and 2, mice were killed at 48 hr; in all other eA.-periments, at 24 hr. 
eRepeated with i.v. 238pu-injection, see experiments 13 and 14. 

dosel 
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Table 2. Effect of tetrameric catechoylamicles on the cl istr.Lbution of 238ru(IV) in the mouse. 
Li§ancls 1vere administered at 1 hr, and mice -were killed 24 hrs after injection of 
23 Pu(IV) citrate.a,b,c 

--·---- ~~-- ---- ---~--~~---- -·------~~-~~-----

Per cent of absorbed close + S.D. at 24 injection 

e 
Liver Skeleton Soft tissue ~-~ -----~---

~~------

3,4,3-LICAI~S ( i. v.) 22 + 8.9 6.6 + 1.2 1.8 + 0.3 3.3 35 ' 8.1 
4, 4, 4- L I Ct~MS ( i. v.) b 25 + 5.7 8.0 + 1. 2 3.0 + 0.8 3.0 1 . 5 41 I_ 7.7 
4,4,4-LICAMS ( i. p.) b 27 + 3.9 4.8 + 0.4 5.6 + 0.5 6.7 2.4 37 . ~~ 4.3 
3,3 ,3-LICAMS ( i. v.) 41 + 6.3 9.1 + 0.4 2.8 + 0.2 3.3 1 .0 56 I 6.3 
4,3 ,4-LICAMS ( i. v.) 30 + 6.1 11 + l. 6 3.7 + 0.6 4.3 7.5 57 I 6.6 

~ 

2,3,3,3-CYCAMS ( i. v.) 28 + 6.6 18 + 2.1 7.0 + 1 .4 4.7 4.0 61 I 6.1 
2,3,2-LICAMS ( i. p.) ?r •.. 0 + 2.9 13 + l.O 12 + 1 . 3 8 .I 3.9 63 2.9 
3,3,3,3-CYCAMS (i v.) 32 + 4.4 14 + 1.4 9.8 + 2.3 4.7 4.7 65 ' 4.1 

~ 

3,3,3,3-CYCAI~S ( i. p.) 24 + 3.5 17 + 3.4 10 + 2.4 8.0 3.7 63 3.2 
3,3,3,3-CYCfl.M ( i .m.) c 23 + 7.0 18 + 

~-

4.3 3.3 + 0.8 3,6 41 89 6.1 
3,2,3,2-CYCN·1 uw 2 )(;. p.) c 37 + 8.2 7.9 + 0.8 26 + 4.0 16 6.0 93 +13.8 

0 t her Lj_g_clrl_d~ 

CaNa 3DTPA ( i 'p') 17 + 4.4 10 + 1.4 3.3 + 1. 4 5.2 0.5 37 ,_ 6.8 
DFOM ( i. p.) 22 + 5.9 20 + 2.4 4.1 + 1 .0 4.2 1.6 52 6.4 
Di~1CAI1S ( i. p') 49 + 7.4 30 + 7. 1 7.0 + 1 .0 5.9 I. 5 94 _, 2.9 
OHBA ( i. p.) 50 + 5.6 31 + 5.7 7.8 + 1 . 7 6.7 1.5 96 I 5. 1 

a . h bLigand dose levels are s own in Table 1. 
Results are means for five mice except those for 4,4,4-LICAl'vlS, which represent ten mice each. 

cMi.ce in experiments 1 and 2 were killed at 48 hr. 

2. CRYSTAL A~'D tvlOLECULAlR STRUO'URES OF TETl\AKIS 
(CATECHOLATO)-HAFNATE(IV) J\ND -CERATE(IV). FURTHER 
EVIDENCE FOR A LIGI\J'ID FIELD EfFECT IN THE STRUO'URE 
OF TETRAKIS (CATECHOLATO)- URANATE (IV) ! 

S. R. So fen, S. R. Cooper, and K. N. Ra)~nond 

Although the presence of ligand field effects 
has been suggested for actinide complexes, defini
tive recognition of such effects has been hampered 
by the complex interplay of Sf, 6cl, and 7s orbitals 
for the actinides and the lack of a suitable iso
structural series to preclude changes in crystal 
packing forces. 

Previous investigations for actinide-specific 
chelators analogous to microbial iron t1'cmsport 
chelates led us to examine the structures of the 
tetrakis (cat echo lato) complexes of U ([V) and Th (IV) , 
in which a small structural distortion was observed 
for the uranium complex.l This distortion renders 
the two catechol o:x.ygens of a given molecule in

contrast to the thorium case, and 
attributed to the presence of a 

field induced by the two Sf electrons 
of U(IV). However, the importance of another 
possible cause of this distortion, the smaller 
ionic radius of uraniun(IV) vs. thorilun(IV), could 
not be evaluated. As an extension of our previous 
interest in catechol coordination chemistry and 

for clarification of the structural effect of the 
Sf electrons, the corresponding Hf complex was 
prepared and examined crystal1ographically. 
However, the results were-by themselves-ambiguous 
as far as resolving the metal-oxygen bond distance 
distortion problem is concerned. 

In the course of this work, it became apparent 
that, somewhat surprisingly, the analogous Ce(IV) 
chelate could be prepared; surprising because the 
strongly oxidizing Ce(IV) ion (E0 = +1.70 v2) 
might have been expected to react with a facile 
reducing agent such as the catechol dianion.3 That 
the cerium complex exists is a reflection of the 
impressive coordinating ability of the catechol 
group, which coordinates and stabilizes, with 
respect to redus:tion, such oxidizing ions as 
Fe(III),4 V(V),~ and Mn(III).6 In an effort to 
understand the distortions of the dodecahedral 
skeleton observed for the [U(cat)4]4-· complex, 
we have prepared and characterized structurally 
the analogous hafniun (IV) and cerium (IV) complexes 
and examined the optical, magnetic, and electro
chemical properties of the cerium chelate. 

A for the thorium and uranium complexes, the 
crystal structure consists of discrete, eight
coordinate [M(cat)4]4- dodecahedra, sodiun ions, 
and waters of crystallization (Figs. l-2). The 
21 waters fonn a hydrogen-bonded network throughout 



Fig. 1. A stereoscopic packing diagram of the 
Na4[M(OzC6ll4)4] ·211-lzO (M = Hf,Ce) structures 
viewed clown the crystallographic c. axis. 

(XBL 781-6967) 

Fig. 2. The [lvl (02C5H4) 4] 4- anion vi<;'wed along 
the molecular mirror plane with the 4 axis verti
cal. The atom labels used in the text as well 
as the dodecahedral A and B sites are shown. 

(XBL 781-6965) 

the crystal, with the sodium ion coordinated to 
1vo catecholate oxygens and four water oxygens. 

Although a coordinated semiquinone fonnulation 
(with three catecholates) could not have been ex
cluded a priori, the Ce complex is best considered 
as a simple cerium(IV) catechol complex. The dia
magnetism of the Ce(IV) complex agrees with the 
crystallographic assignment of a simple catecholato 
formulation to this complex, rather than a semi
quinone formulation. If the Ce complex existed 
as the cerium(III) semiquinone, the weak coupling 
e:x'Pectecl between the Ce (II I) 4f electron and the 
n electron of the ligand would be expected to yield 
an at least weakly paramagnetic complex. 

The ratio of the fonnation constants of the 
cerium (IV) and -(III) tetrakis ( catecholato) com
plexes, i.e., the equilibrium constants Kn for 
the reaction 

n-8 [lvl(cat) 4] 
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can be calculated from the cyclic voltammetric 
data. From these potentials the formation con
stants of the tetrakis complexes differ by a factor 
of 1036. 

The e:x'Perin1entally cleteTJninecl eli fferences in 
metal-oxygen distances for tetrakis(catecholato) 
complexes of hafnium, cerium, uranium, and thorium 
are given in Table 1 for the A B sites of the 
lloard and Silverton dodecahedron. As seen in 
Table 1, despite a significant difference in metal 
ionic radius the metal-oxygen distances in the 
fO cerium thorium structures are equal within 
experimental error. Since the ionic radius of 
uranium lies between those of cerium and thorium, 
it is unlikely that the metal size has any great 
effect on the structure. We stress that all four 
of these complexes have identical unit cell con
tents and are identical except for the metal ion 
and conclude that the distortion of the uranium 
structure by lengthening of the M-OA bond is attri
butable solely to the previously proposecTl ligand 
field effect from the f electrons. 

Table 1. Structural parameters for 
Na

4 
[N(o

2
c

6
H

4
) 

4
]. 21H

2
o complexes. 

Netal Ionic radius, i\. [(N-OA)(N-OB)], 
0 0 

A OA-OA, A 

Hf 0.83 0.026(4) 2.554(5) 

Ce 0.97 0.005(5) 2.831(7) 

u 1.00 0.027(5) 2.883(7) 

Th 1.05 0.004(5) 2.972(6) 

* * * 
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ccmd Their Potentials in Aqueous Solution (Prentice
Flall, Englewood Cliffs, -New Jersey, 1952), 2nd eel., 
p. 294. 
3. T.-1. 
(London) , 
4. K. N. 
Fronczek, 
(1976). 

Ho, T. lV. Hall, C. lvl. Wong, Chem. Incl. 
729 (1972). 
Raymond, S. S. Isied, L. D. Brown, F. F. 
J. H. Nibert, J. Am. Chem. Soc. 98, 1767 
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6. K. D. Magers, C. G. Smith, and D. T. Smvyer, 
Inorg. Chem. 17, 515 (1978). 
7. J. L. Hoard and J. V. Silverton, Inorg. Chem. 
.£., 235 (1963). 



3. FREE METAL i\J\lD FREE LIGAND CONCENTRATIONS 
DETERJ'Vlil\IED FROM TITRATIONS USING ONLY A pH 
ELECTRODE. PARTIAL DERIVATIVES IN EQUILIBRilllVl 
STUDIES 

A. Avdeef and K. N. Ra~nond 

Osterberg1 and, later, Sarkar and Kruck2 and 
McBryde3 introduced an extremely va1uable teclmi
que for eva1uating the free metal and free ligand 
concentrations in multicomponent equilibria by 
the use of pH titration data alone. That is, one 
could indirectly measure pM (-log [lvl) , [M] = free 
metal concentration) and pL ([L] = free [unassoci
ated] ligand concentration) values by using only 
a pl-1 electrode. The technique is an extension 
of earlier work by Hedstrom4 and Sill en. S It is 
based on partial differential. relations arising 
from the mass balance equations and requires 
several titrations, per reactant, performed in 
a special way. Surprisingly, the method is not 
widely known, judging by the near absence of its 
reported use. Sarkar and co-workers6-9 have 
experimentally applied it to rather complicated 
equilibria, involving the determination of as many 
as three different nonhydrogen reactants. The 
technique has been very important in our studies 
of the equilibria involving Th4+, u4+, and Pu4+ 
complexes with catechol and hydroxamate ligands, 
where evidence for mixed-ligand and pol)~uclear 
species is abundant.lO 

For solutions conta1n1ng one type of metal and 
one type of ligand as reactants, along with hydro
gen and hydroxide ions, the species present in 
solution may be represented by equilibria of the 
sort 

e M + elL + ehi-I"" M L 1-I (=species C.) 
m em el eh J 

The stability constant of the jth associated 
species is given by 

where el<j i.s the stoichiometric coefficient of 
the l<th reagent, C7 is the concentration of the 
jth associated species, and m, l, and hare the 
free (unassociated) concentrations of metal, 
ligand, and hydrogen. Usually only h (in addi
tion to the total concentrations) is knmm from 
a simple pi-! titration. In refinement programs 
such as SCOGslla and MINIQUADllb unknmvn values 
of pM and pL are calculated only after a model 

(l) 

(2) 

is assumed along 1vi th the corresponding !3 val11es. 
Thus such values of pM and pL can be model-biased. 
Osterberg'sl proposal is the model-independent 
"variation" relation 

[ipH'(aH) ] 
~ dpH (3) pH, aL M0,h Lo 

v,rhere M, L, and H are the total metal, ligand, 
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and hydrogen concentrations. The relation states 
that for given values of !vf and L (M0 , L0 ) the 

in pL corresponding to a change i.n pll is 
related to the extent the variation of L affects 
H. One thus needs at least two tit rations 1vhcrc L 
1s the only varied nonhyclrogcn total concentration. 

One least-squares procedure12 for the refinement 
of fonnation constants !3j calls for minimization 
of the differences between observed pHs and those 
calculated from an assumed set of constants. In 
the no11nal equations, derivatives (0pll/3 
log !3j) arc required. These can be calculated 
numcncally but such a procedure a cmY 
siclerable computational effort. lf one rccog11izes 
that pH is also a function of the total concentra
tions, one can state 

(4) 

The partial derivatives of the explicit ftmctions 
on the right side of Eq. ( 4) arc easily evaluated. 
For example, (dL/3 log i3J) = 2. 303ezjCj. The 

evaluat:ion of the implicit flmction der.ivativcs 
(apH/3X) is less direct. 

One needs to set up the Jacobian matrix 
J [ L H)/ (ln m, ln l, ln h)] which Enearly 
relates to d ln x (Eq. 5): 

(
cliv) (d In m) d !_ cc J d In I 
elf/ dIn h 

This matrix is s~mnetric and its clements are 
easily evaluated, as shown in Eq. (7). In fact, 

(S) 

this matrix is used to calculate p/11 and values 
by the nonvariational methods. 11,12 [n the process, 
its inverse is computed. 

It is a remarkable fnct that the clements of 
the inverse matrix arc precisely the partial 
derivatives of the implicit fw1etions that \ve need 
to compute (3pll/3 log !3j) and arc given by (6) -
(8) . 

I C ::,)." cal:)m,h cal:h},,/ 
_, 

( aL ) ( aL) ( aL ) 
(6) 

iJ In m l.h a In I m,h illn h mJ 

( Uff ) 
iJ In m i,h 

(aH) 
a In I m,h 

( il!f) 
a ln h m l 



;\! 

{' ,, 
~cmje{j(j ~ CmjChjCj 

J=:t 

I.,. 2: 
,, 

Kw ,, h !· -- + 2:e 11/Cj 
II 

c~~~) 
0/V[ /,,H ("-~~~~)ll,II ("~'7Pt.L 

(
il ln I) 

ilM 111 

( 
il ln 1:) 
aM I ll 

That i.s, for K '1 J 

(d ln 111) (elM) clln I = K dJ. 
d ln II ell! 

(7) 

( 8) 

A more statement of Eq. (4) thus becomes 

( 
apX, 

iJ log {31 
K1,etjC, 

t~l ' 
(9) 

This simple relationship proves to be extremely 
useful and is a substantial shortcut in the least
squares refinement of equillbrium data. 

The techniques presented by ry 

Osterberg, Sarkar and Krucl<:, 2 and McBryde-1 are 
powerful extensions of the pi! titration cx"j)eriment, 
particularly for equilibria involving polymeric 
species. We have a completely general 
mathematical basis for these techniques to multi
component systems. useful relationships 
involving partial derivatives arc used in the 
process. One of the relations clerivc:d allows for 
the first time the usc of 
in the refinement of 
However, the most important task remains the 
acquisition of data of sufficient accuracy so that 
these techniques can be successfully appliecl.l3 
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4. STABILITY CONSTAl'<'TS fOR CATECHOL MODELS OF 
EN!EROBACfiN: 

A. Avclecf, S. R. Sofc:n, T. L. Bregantc, and K. N. 
Raymond 

The siclcrophores (previously called sidero
chromes)l are a class of low molecular weight 

agents that are manufactured by micro-
organisms suffering iron because these 
agents facilitate uptake of iron into the 
organisms. The profound insolubility of ferric 
hydroxide and the low equilibriun concentrations 
of ferric ion in biological environments arc over
come by the cnonnous and ion selectivity 
of the ferric siclc:rophore complexes. One important 
side~ophore is enterobactin,2 the iron sequestering 

for enteric bacteria such as Escherichia coli. 
iron is an essential nutrient for all patho

genic bacteria and since the availability of iron 
often limits the rate of bacterial growth, the 
siderophores have considerable medical importance.l 
Of particular interest are the fonnation constants 
of the ferric siclerophore since these 
constants define the limits in which 
iron will be extracted from other biological ferric 
complexes in the host organism. 

The chelating moieties in enterobactin are 
catechol (l 2-dihydroxybenzene) groups. It has 
been for some time that ferric ions 
can fonn very stable complexes 1vith catechol 
ligands.3 For example, adrenaline can extract 
iron from ferritin. 4 Although there have been 
several studies of the stabilities of ferric com-
plexes with catechol ,5-13 no 
general correlation of of these 
complexes with electronic and steric substituent 
effects of the ligands has been found. In acidic 
aqueous solutions (pH 1-2), Ivlentasti and co
workcrsl2,13 studied the formation of 1:1 (metal 
to ligand) ferric complexes with a wide variety 
of catechols using stopped-flow and 
teclmiqucs. 

Our interest in the coordination chemistry of 
enterobactin has led to the study of simpler 
catechol complexes as models for the more compli
cated biological molecules.l4 The extensive 
hydrolysis of enterobactin in even mildly basic 
solutions (pll > 8), involving the cleavage of the 
ester linkages, precludes the direct detennination 
of its proton dissociation constants. Moreover, 
its ferric complex appears to be oxidatively 



llilstable in acidic medium. It was thus important 
to by the use of readily available 
simple compounds, (1) a reahstic lower bollilcl for 
the fonnation constant of ferric enterobactin and 
related biological compounds the extent and 
nature of the oxidative , and (3) the 
effGct of the substituent groups on the complex 

The study extends and reexamines pre~ 
vious of stabll constants of 
ferric~catechol complexes to a range in 
hydrogen ion concentration (pl-l 2 ~ ll) , using both 
potentiometric and spectroscopic techniques. The 
ligands chosen for the study exhibit a consider~ 
able range in proton dissociation constants and 
include catechol (cat, 1), 4,5-dihydroxy-m~ 
benzenedisulfonate (Tiron, 2), 4-nitrocatechol 
(neat, 3) , 3, 4-clihydroxyphenylacetic acid ( dhpa, 4), 
and 2,3-dihyclroxybenzoic acid (dhba, 5). 
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By exa1mn1ng the formation constcmts of ferric 
complexes with substituted catechol ligands, we 
have established a reasonable model with which 
to prGdict the lower limit for the constant in 
those ferric siderophore complexes where catechol 
moieties are the functional llilits. 

The results of the present study and those from 
reliable past studies delimit the value for the 
equilibrium constant for the reaction 

+ 3 catecholq- ""Fe(catechol)~- 3q 

J 1040 1045 'I'l - b -to t 1c rcmge . - us num or 1s enormous 
by comparison to iron complexes with other m:ygen
containing ligands. It predicts, for example, 
that catechol ligands should readily displace 
cyanide groups from and that Fe20 3 
(rust) should easily basic solutions 
of catechol. Both reactions occur. 

With the exception of the cU1ba system, which 
was complicated by mixed-mode coordination, the 
ligands formed complexes of varying overall 
stabilities which their ligand base 
strengths. For a group of similar ligands the 
plot of the First dissociati.on constants of the 
lig:mds (px:-t1) the first formation con
stants of the corresponchng metal-llgancl complexes 
(log Kl) is expected to produce a line. 
Such a plot for fenic catechol complexes (Fig. 1) 
shows linear behavior 1vi.th sulfonated catechols 
giving the greatest deviation, to for111 complexes 
more stable than predicted. In general there is 
good correlation between proton and ferric ion 
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G K1 (complex) 

Fig. _ l. Plot of pKaJ (ligm;cl) vs. log R 1 (complex) . 
Ferne complexes w1 tfi llganos cat (l) ; Tuon (2) , 
Ref. 6; ncat(3); dhpa (4); dhba (5); cat (6), 
Ref 6; 2,3-dihydroxy-6-sulfononaphthalene (7); 
Ref. 5; 4-nitroso-5,6-dihydroxybenzene-1,3-
clisulfonate (8), Ref. 5; L- 3, 4-clihyclroxyphenyla
lani.ne (9), Ref. 6; 3,4-dihydro:A'Ybenzoic acid (10), 
Ref. 6. (XBL 7610-4896) 

with neither steric factors nor the over
all charge on the cleprotonated ligand 

to the stability trends. 

* -}: * 
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Synthetic and Structural Studies of 
Actinides and Other Compounds 

1. CYCLOOCrATETR!\EN'EI\O"INIDE (IV) BIS-BOROHYDRIDES 

Jeffrey P. Solar, Andrew Stre.i t1viescr, Jr. and 
Norman Edelstein 

Although bis (n 8- cyclooctatetraene) J.ctinide (IV) 
complexes have been extensively studied since the 
synthesis of uranocene in 1968, 1 mono-COT act.inide 
"hnlf-sanclwiches" were unknohTJ1 tmtil the recent 

(RCOT)ThClz (TifF) z 0) by Streitwieser 
and LeVanda. Based on the volat of actinide 
borohydri.de complexes, 3 we hoped that replacement 
of the chlorines by BH4- groups would result in 
more volatile complexes. Also of interest is the 
nature of the bonding of the BH4 to the 
metnl center; both bidentate and bonding 
to the Bl-!4 groups are known for act inicle compounds. 

The preparations of (C8II8)Th(BH4) 2 (~[!) and 
(n-C4!I4C8l-!7)Th(Bll4) 7 (;2[)) have been achieved by 
several routes.4 Refluxing J.n equimolar mixture 
of Th (Bll4) 4 (1TIF) 7 and eli -n- butylthorocene in TI-!F 
gave 2b :in 90% y1eld. Because of the low solubi
lity of thorocene, 2a is more easily prepared by 
the reaction of ammmts of Th(B!I4)4(T!!F)2 
~md K2c:or in T! IF. We also prepared by the 
sequence: 

This route is made more complicated, however, by 
the to remove the LiC.l a 1 so formed. In 

is fomecl .in the reaction of l with 

(COT)ThC1 2 (TilF) 2 + XS LiBII4 2a 

Za and 2b are white mi inc products 
soltl5le in-'fHF and benzene but not volatile. The 
compow1els arc readily characterized by li-1 I\Tf\lR and 
infrared spectroscopy. The room temperature pmr 
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spectrum of ~~ in C6D6 shows 2 molecules of coordi
nated '11-IF in addition to the COT and two equivalent 
Bitt groups. The quartet from the borohydr ide 
protons collapses to a singlet at low temperature 
due to loss of B-Il coup] and indicates fluxional 
behavior among these protons. The IR spectnm1 
i.s in accord with tridentate bending to the 
borohydriclc. The B-IItellllinal (2482 on-1) and 
B-llbricloincr (2282, 2220, 2150 cm-1) bonds arc 
similarotoothose for Th(N(SiMc3)2)3Bl-I4 for which 
tridentate geometry has been estJ.blished by a 
crysta] structure determination.5 The strong bond 
at about 7J 5 cm-1 appears to be characteristic 
of the mono-ring or "half-sandwich" structure. 

The preparation of the urJ.nitnn analog of 2 has 
also been achieved. Both uranocene and (COT)U(BH4)2 
(3) are formed on addition of coT= to a mixture of 
UCl4 inTI-IF; 0) is favored by the slow addition 
of a dilute solution of the dianion. The resultant 
brmm product 

(COT) U (BH 
4
) 

2 
(THF) 

2 
+ U (COT) 

2 
OJ 

is soluble in benzene and TI-IF and has an IR 
spcctnnn nearly identical to The visible 
spectrum of 3 contains a strong band at 396 nm 
and tails off to longer wavelengths much like a 
uranocene. 

* * * 

+Brief version of LBL-10348. 
l. A. Streitwieser, Jr., "OrganometalJic Compounds 
of the £-Elements," T. J. Marks and R. D. Fischer, 
Eels. (Reidel Publishing Co. , Amsterdam, 1979) , 
pp. 149-177. 
2. C. LeVanda, Jeffrey P. Solar, and A. 
Streitwieser, Jr., submitted to J. r'lln. Chem. Soc. 
3. H. I. Schlesinger and H. C. Brown, J. Am. Chem. 
Soc. 75, 219-221 (1953). 
4. J-:-P. Solar, A. Strcitwieser, Jr., and N. M. 
Edelstein, submitted to A.C.S. S~nposium Series. 
5. I-I. W. Turner, R. A. Andersen, A. Zalkin, and 
D. H. Templeton, Inorg. Chem. l_~, 1221-1224 (1979). 

2. STRUCTURE OF TWO CRYSTALLINE FORMS OF CYCLO
ocr ATETRAE!'-i'ETHOR I!Jlv! (IV) D IO"'LOR IDE B I STETRJ\HYDRO
FURAN"· 

Allan Zalkin, David I-I. Templeton, Carole LeVanda 
and Andrmv Strei t1vieser, Jr. 

White crystals of the title compound, because 
of their extreme sensitivity to the atmosphere, 
were sealed inside thin-wJ.llecl quartz capillaries 
for the x-ray experiments. 

Two chemically equivalent but crystallographi
cally different crystalline materials were observed. 
A complete molecular structure cletennination was 
perfonned on each type of crystal by single-crystal 
x-ray diffraction techniques. The a- fonn crystal
lizes in the monoclinic space group P21/n with 

a= 8.589(3) A, b = 27.22(2) A, c = 
.950(3) A and !3 = 96.92(4) 0

; with 4 molecules 



clensi ty is 1. 985 g on- 3. 
the monoclinic space 

in the unit cell the x-ray 
The !3- fonn crystalli zcs in 

a = 13 . 0 36 ( 4) A-, b = 

.598(8) A and !3 = 102.90(4) 0
; 

group P21/c with 
11.601 (3) A, c 
with 8 molecules 
is 2.020 g on-3. 

in tl1e unit ce 11 the :x:- ray clcns i. ty 

The Th atom is bonded to the 
(COT) ring, to two chloride ions and to the oxygen 
atoms of the two (THF) molecules 

. 1 and 2). atom is 2.02 i\ from the 
of the COT The chloride ions and THP 

molecules are alternately disposed on the opposite 
side, with Th-Cl and Th-O distances of 2.686 :': 
0.006 ;\ ancl2.57 :': 0.02 )\respectively. The Cl 
and the 0 atoms are very nearly equidistant from 
the COT plane. The comparable Th-to distance 
in thoraccncl is 2. 00 A, and the Th-Cl 
in these structures arc just slightly under the 
2. 72 A and 2. 90 A reported for ThCl4. 2 
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The three molecular structures determined in 
this arc chemically identical with essential-
ly identical bond distances. About the only s 
ficant difference between the 
fonns is the Cl-Th-Cl and smaller 0-Th-0 
angles that the u fonn exhibits cmd which is 
probably a packing effect. Nothing in the 
ments reported here gives any information as to 
what fosters the crystallization of one fonn or 
[mother . 

* * * 

.f. 

·Brief version of LBL-10537. 
1. A. Avdeef, K. N. Ra)~noncl, K. 0. Hodgson, and 
A. Za1kin, Inorg. Chem. ll, 1083 (1972). 
2. K. Mucker, G. S. Smith, Q. Johnson, and R. E. 
Elson, Acta Crystallogra. B25, 2362 (1969). 

~~~ ~(J C14 

(C1~ 

v u 
l. ORTEP drawing of the c8H8 ThC1 2 (OC ll8) 2 molecules, a- form. 

(XBL 793-8720) 
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Fig. 2. ORTEP clrmving perpendicular to the COT 
ring showing the orientntion of the Cl atoms and 
THF molecules to the COT ring in the three in
dependently determined molecular structures. 

3. HYDRIOO [TRIS (!IEXAlviETl-!YLDISILYLA\liOO) ]-
THORI!Jr.l(IV) Al'ID -URAl\JI!Jf.l(IV) -1 

Howard W. Turner, Stephen J. Simpson, and Richard 
A. Andersen 

Reaction of chlorotris(hexamethyldisilylamido) 
thorium (IV) l with one molar equivalent of sodium 
hexamethylclisilylamicle in refluxing tetrahyclrofuran 
yields hyclriclotris(hexamethylclisilylamiclo)thoriun 
as white needles from pentane,2 mp 145-147°(, 
vThF = 1480 on- 1, lf-!N!v!R (PhH) cS 0. 90 and 0. 40 clue 
to the hydride and trimethylsilyl resonances, 
respectively. The deutericle, DTh [N (Sii\le3) zl , 

(XBL 792-9430) 

\!ThD = 1060 on -1 can be prepared by 
ClTh[N(SiMe 3)zl3 and NaN(SiMe3)2 in percleutero
tetrahyclrofuran. The uraniun hydride and cleutericle 
were prepared similarly. l-lyclridotris (hexcunethyl-
clisilyJcunido)uraniun lizecl from pentane 
as brmvn-yellow needles, mp 97-98°C, vU!-l = 1430 
on-1, \JUlJ = 1020 on-1. We have bien unable to 
locate the hydride signal in the lll\llv!R spectrun 
of this paramagnetic (!JB = 2.6 B.j\l. in benzene 
solution) substance, though the trimethylsilyJ 
groups resonate at 6-19.5. The hydrides can also 
be prepared from ClM (Siflle3) z] 3 and tert-
butyllithitun or lith triethylhyclridoborate in 
pentane. 



The metal-bound hydrides were further character
ized by their reacbon chemistry, sec Scheme l. 
The hydrides react with carbon tetrachloride, 
yielding chlorofonn by its Nl'v!R spectrum) 
and ClM[N(SiMe 3)zb, M is thorium or uranium. The 
latter were identified by mp, mixed mp, ir, and 
Nrv!R spectra. Further, addition of n-butyllithitun 
to a pentane solution of the hydrides followed 
by methylbromide yields lvleM[N(SiMe 3)) 3,l i'v1 ~ Th 
or U quantitatively. The product from ree:ction 
of n-butyllithiun with the hydride deriva~:ives 
affords I-J1v![N(SiMe3)zl3 or DM[N(SiMe3)zl3 (M is 
Th or U) upon addition of trifluoroacetic acid 
or deutero-trifluoroacetic acid, respectively. 

* * * 
+ 
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Brief version of J. /\'11. Chem. Soc. 1_01, 2782 (1979). 
l. H. W. Turner, R. A. Andersen, D. H. Templeton, 
and A. Zalkin, Inorg. Chem. 18, 1221 (1979). 
2. All new compounds gave satisfactory elemental 
analysis for C, !-!, and N and molecular ions (M-2) 
in the mass spectrometer. 

r1eLi 

Re 

methyl-, tetrahydroborato-, chloro-tris(hexamethyl
disilyl)amido uranitun analogues? nor the uranium 
(III) species, U[N (SiMe 3) 2h, 8 exchange with 
deuterium under similar conditions. 

The observation of H-D exchange in the uraniun 
(IV) species might be explained by a series of 
oxidative-addition, reductive-elimination cycles 
since uranium (VI) is a well- known oxidation state. 
This mechanism might seem questionable, since no 
H-D exchange in the corresponding thorium deriva
tive, !-!Th[N(SiMe3)2]3, occurs, thoriun(VI) being 
unlmown. However, the thorium hydride undergoes 
complete exchange under similar conditions, 
yielding IITh{N[yi(CD3)3]2} 3, vCD

9
= 2207 crn-1, 

vThD ~ 10£8 em- , mp, l44-147°C. Elemental 
analysis, lack of a lH NMR spectrum, and mass 
spectroscopic analysisll confinn that the fO
hydride undergoes complete exchange. 

Insight into the mechanism of exchange is 
assisted by isolation of the four-membered ring 
metallobutane, [Me3Si) 2Nl r MN (SiMe3) (SiMe2CHz) 

(Me
3
Si)

2
NNa 

heat, thf-d
8 

l) n-BuLi 
2) CF COD [(Me3Si)2N13MD 

. 3 2 

M = Th, U 

Scheme 1 

4. HYDROGEN- DEUTERIUM EXCHANGE: PERDEUTERO
HYDRIDO-TRIS (HEXAMETHYLDISILYL)AMIDO-THORIUM (IV) 
AND - URJ.'u\li!JM (IV) t 

Stephen J. Simpson, Howard \11. Turner, and Richard 
A. Andersen 

Stirring a pentane solution of HU[N(SiJv!e3) 2]31 

under deuteritml (l atm, 40 equi valents/5 cycles, 
room temperature) results in complete exchange 
of all hydrogen atoms for deuterium yielding 
DU{N[Si(CD3)3]2}3, vCD = 2210 cm-l, vUD = 1027 
cm-l,mp, 95-97°C.2 Elemental analysis,3 absence 
of a lJI Nrv!R spectrum, and isolation of [ (CD3) 3Sil3ND 
after hyclrolysis4 confinns that all fifty-five 
hydrogen atoms have been exchanged for deuterium. 
The reaction is reversible since the 
percleutero-compound exchanges with molecular 
hydrogen to give I-!U[N(SiMe 3)zh· Neither the 

where M is thorium or uranium by pyrolysis of the 
thorium or uranium hydrides (neat, 180-190°C, 
1 atm) or methyls (neat, 150-l60°C, 1 atm). The 
colorless diamagnetic thorium derivativel2 mp, 
109-lll °C, yields at 180 Ml-lz a l!-J NMR spectrum 

+ HX: 

M = Th or U; X = H or Me 

which is temperature independent to -85°C and which 
consists of four single resonances at o 0.37, 0.38, 
0.49, and 0.56 in area ratio 36:9:2:6 due to 
(Me 3Si) 2N, Me3Si, CH2, and MezSi, respectively. 
The 13c ~1R spectrum proves the metallocycle forma
tion, since it consists of three quartets centered 



at c\ 5.55 CJcri =118Hz), 4.52 (Jcrr = 117 I-lz), 
and 3. 46 CJcri = Jl7 Ilz) clue to the carbon cltoms 
of ille2Si, l\le3Si, and (Me3SL)2N groups, respectively, 
and a triplet centered at 0 68.8 CJcll = 120 I-lz) 
clue to the methylene carbon atom. The bright ycl-
lmv, paramagnetic (p[3 2. 7 B ./ll. at 30°C by Evans's 
method) uraniun metallocyclel2 mp, 126-129°C was 
further characterized by its 1H N/ln:<. spectrum which 
consists of four Gt o +2.08, 9.90, 
-23.3, and -128.6 in cUeG ratio 6:9:36:2 due to 

, ille3Si, (Me3Si)z, and Cl-lz groups, 
ly. The only volati.le product 
from pyrolysis of the is hydrogen and 
methane from pyrolysis of the methyl derivatives. 
The transformation is reversible in the case of 
X = I-! since exposure of the metallocycles to an 
atmosphere of molecular hydrogen yields the 
hydrides. Further, exposure of the metallocycl es 
to cleuteriun yields the percleutero-thoriun or 
uraniun amicles. The uraniun metctllocycle can also 
be prepared by reaction of [ (Me 3Si) 2N] 3UC1 and 
ethylhthiun or trimethylsilylmethyllithiun, the 

product being ethane or 

Observation of the facile hyclricle-r1etallocycle 
interconversion suggests the mechanism shown in 
Scheme 1. The first step in Scheme 1 proposes 
that metal-hydride-cleuteriun exchange occurs by 
way of a four-center interaction similar to that 
proposed by Schwartz to account for metal ll-D 
exchange .in Cpz Z r (!-!) (R) _13 The next step is 
elimination of HD yielding the ylide (A) or its 
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valence tantomer, the fully-developed metallo
cycle (B). This intermediate is the key to the 
mechanistic proposal since it allows incorporation 
of the cleuteriun label into the silylzuniclo ligands. 
This scrambling mechanism is rather different than 
that proposed by Bercaw et al. to accou1t for 
formation of (Me5c5) zZri-!2, which occurs 
by conventional oxidative-addition reductive-
elimination steps, though these isolate 
a compound thought to be (Me5C5) (CH2) 2. 14 

* * * 

Brief version of LBL-9575. 
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J. Am. Chem. Soc. 101, 2782 9). 
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Compounds by Mass Spectrometry (Holden-Day, 
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Scheme 1 
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5. STRUCTURE J\ND BONDING OF f:; J\ND d- TRAl\JSITION 
METAL ORGAl\JOMETALLIC COivlPOUNDS 

K. N. Raymond and C. W. Eigenbrot, Jr. 

Before the structure analysis of uranocene, 1 

U(C8J-!8)2, almost nothing was known about the 
structure and bonding of organoactinides and 
lanthanides-a situation we have endeavored to 
change during the past ten years. A question that 
frequently occurs in discussions of this chemistry 
is: "!-low covalent is the bonding in these com
pounds?" Within a careful and limited structural 
definition of covalent and ionic bonding, this 
question can be examined in some detail. 

A Structural Definition of 

l. The geometries of ionic compounds tend to be 
irregular and depend on the steric bulk, mrrnber, 
and charge of the ligands. The coordination 
number observed is the result of a balance 
between ionic attractive forces and nonbondecl 
repulsions. This is in marked contrast to 
the regular, directional bonds which 
covalent compounds. 

2. Bond for a series of structurally 
similar compmmcls will follow systematically 
from their "ion size" and coordination number
that is, ionic radii can be used to predict 
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bond lengths. ln contrast, the structure of 
predominantly cov;llent compounds show pro
nounced departures from such predictions. 

Structural Types and Coordination Nunbers 

i\mong MCp 3 compounds, the structure of tris 
(cyclopentaclienyl)indiun(III)2 is composed of 
incliun atoms which achieve a relatively regular 
four- coordinate environment of o bonds 
by bonding to 2 with the third ring 
fonning a nl' c-c bond lengths 
\vi thin the Cp local izecl double bond 
character of the 

In short, InCp3 provides a classic example of the 
structural effects of covalent bonding. 

In stark contr'ast, the LnCp 3 compounds show 
structures whose coordination numbers and geome
tries change markedly with the metal ion radius. 
The small (0.87A) Sc3+ ion in ScCp3 (Ref. 3) is 
eight-coordinate in a polymeric structure fonned 
by 2 nS Cp rings and a third ring which fonn~ an 
nl, nl bndge. J\11 of the Cp nngs show unchs
tortecl pentagonal synunetry with no ev iclence of 
C-C double bond localiza~ion. The larger (1.13 A) 
Sm3+ ion in Sm(indenyl) 3 is nine-coordinate with 
three nS rings providing all of the coordination. 
In tris (methylcyclopentaclienyl) -neodymium (l II) , 
Nd(MeCp) 3,5 the metal ion (1.17 A) is 10-coordinate 
through fonnation of a tetramer in which all three 
Cp rings form ns bonds to Nd and one of the rings 
also bridges to fonn an nl ring bridge to the 
adjacent metal ion. It is clear from these 
examples that the principal cletenninant of coordi
nation numbers and geometries is the metal size, 
indicating that an ionic mode of best 
describes these tllCp3 compounds. 

For the series MCp4 (Fig. l ) there is again a 
pronmmced change in coordination number and 
struc~ure as the metal ion size increases. In 
TiCp4 the coordination number of the Ti4+ ion 
(0.74 A) is eight, from two nS rings and two nl 
rings. For the larger zr4+ ion (0. 91 A) in ZrCp47 

Fig. 1. Structures of tetrakis(cyclopentaclienicle) complexes: TiCp4 (left), ZrCp4 (center and 
(XBL 799-12049) UCp4 (right). 



there are three 115 rings and one ring to give 
a total coordination mnnbcr of 10. In UCp4 8 all 
four Cp rings arc nS bOlmcl in a tetrahedral array 
to g a total coordination number of 12 nrouncl 
the ion (1.17 ;\). Thus, these f\!Cp4 compounds 
again clemonst rate that metzll- ion size pLoys the 
dominant role in the coordination 
number and geometry, indicating an ionic mode of 
bonding. 

In the ill (COT) 2 series, the compow1cls Ti (C~I-l3) 2 
and Tiz(C 8II8) 3 exhibit similar structures,9, 0 
involving one S)1mnetrica1 n8-coordinatecl COT ring 
and one nonplanar of lower hapticity per atom 
of titanium. In the analogous zirconium complex, 11 
the metal's larger size is mzmifested in an addi
tional coordination site being occupied by a THF 
molecule in the othenvise similar structure. 

Cyclooctatetraene complexes of larger metal 
ions such as cerium 12 thorium, 1 and uran1uml all 
exhibit two synunctr n8-coordinatecl COT rings. 

T11'0 possible ex-p 1 anations suggest themselves 
for the failure of the early metals to accept a 
uranocene-t)l)e structure. One is to note that 
the lanthanide and actinide ions arc substantially 

, thereby requiring more ligands to saturate 
coorcl ination sphere. The early metals can

not accommodate so large a coordination number 
and so one COT slips to the side-providing 
a total coorclinat ion munbcr of seven eight. 
Alternatively, one may note that two coordinated 
COT rings provide 20 1T electrons to the metal 
center in violation of the effective atomic number 
rule. Thus the second COT ring slips to one side 
to reduce the number of valence electrons. Both 
arguments lead one to view the bonding in the 
actinide metals as 1 ionic. 

The Covalent/Ionic Structural Criterion of Bond 
Lengtl~ 

Having seen the conclusions dra1vn by consider
ing the general structural features (i.e., metal 
coordination nLITnber and ligand hapticity) of 
carbocyclic complexes of the actinides and 
lanthanides He now turn to another structural 
criterion the mode of bonding-the metal--to
carbon bond distance [R(M-C)]. Structural data 
co 1lectccl from x--ray ;mel gas phase electron dif
fraction studies of first-row mctalloccnes arc 
summarized in . 2. If these compoLmcls involved 
ionic bonding, metal-to-carbon distances could 
be predicted as the sum of the ionic radii of the 
met~1l ion and the Cp anion. Another way of saying 
this is that the difference bet1vcen the metal-to
carbon distance and the ionic radius of the metal 
(the effective ionic radius of the Cp ligand) 
should be constant. In the cl-transition metal 
metal] ocenes, one cannot an effective ionic 
radius to the Cp anion. If we plot R (ill-C) vs. 
the metal ion radius (Fig. 2) we sec that this 
1s not a smooth function. 

Figure 3 sunmarizes correspond structural 
data for lanthanide and actinide Cp complexes. \Ve 
can sec that the effective ionic radius for the 
Cp is invariant in structures 
of 23 complexes, and is 1.64 :': 0.04 A. This con

is illustrated :n Fig. 3, where the plot 
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of R(M-C) vs. the rncta1 ion radius is presented 
for the available lanthanide complexes. A linear 
least squares refinement of these data yields a 
line with slope equal to 0.98 and a correlation 
coefficient of 0. 98 [Eq. (J)] requires that the 
slope, clR(f\1-C)/dr+, = 1]. A similar treatment 
of the illCpz data produces a slope equal to 1.18 
and a correlation coefficient of 0.83 (Fig. 3). 
The correlation coefficient and 
ncar unit slope in the former case shows metal-· 
to-carbon bond length varies in direct proportion 
to metal ion size, a clear indication of predom
inantly ionic bonding. 



A similar treatment of the data from x
structures of COT complexes reveals that an 
tive ionic radius for cur= can be assigned equal 
to 1. 56 ± 0. 04 A, and that the graph of metal 
ionic radius vs. R(/11-C) (Fig. 3) is a smooth func
tion, with slope = 1.01 and correlation coefficient 
0.97. 

We conclude that in the limits of our structural 
definition of covalent/ionic bonding, the bonding 
in organolanthanides and -actinides is predominant
ly ionic.l3 

1: * * 
Brief version of manuscript submitted to Accounts 
of Chemical Research. 
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6. TOWARDS THE SYN!HESIS OF !-lEPTA VALENT NEPTUNIUM 
FLUORIDES At\,'D OA!'FLUORIDES 

Sam Yeh and Neil Bartlett 

iVlodel Syntheses for NpOFs and its Precursors. 
Xenon hexafluoride has been explored as a fluorina-
tor by oxygen-fluorine as an oxidizer 
and as a sol vent, with application to 
the is of high oxidation state neptunitnn 
compounds. Since this material is not only a 
powerful oxidizer but also the detonator 
xenon trioxide on with water or oxides, 
its been explored initially with 
systems related to those in the 
neptuniun chemistry, but without its radiation 
hazard. 
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UOF4, KUOFs, CsUOF5 and the related compounds 
of the thircl row transition metals were treated 
with XeF6. The findings are stnmnarizecl in Table l. 
The i\t'vlOFs salts (A = K or Cs, ~~ = U or W) were 
obtained by MOF 4 with the corresponding 
alkali fluoride in anhydrous !IF. In the tungsten 
case, the HF solutions were reflu:xed at about 60°, 
whereas for uraniun the reaction was carried out 
at ambient temperature. The XeF6 reactions were 
carried out using Teflon FEP tubes sealed at one 
end and each fitted with a Whitey valve (1KS4). 
Excess XeF6 was always used. The vacuun system 
was pre-treated Hith Fz before XeF6. 
The gas products were characterized using gas
phase infrared spectroscopy and solid products 
were subjected to Raman and powder diffrac-
tion spectroscopy. 

The oxide ability of XeF6 was de-
monstrated in the reactions with uraniun cmd 
tw1gsten compounds, where the molecular or complex 
oxide fluorides lost all their oxide to XeF6. This 
is consistent with the reportl that UOzFz reacts 
with XeF6 to foDll UF6. 

The M-F stretching and M-0 stretching frequen
cies from the Raman spectroscopic data, for related 
fluorides and oxyfluoricles, arc given in Table 2. 
They indicate the anticipated reduction in bond 
strength with decrease in oxidation state or in
crease in coordination ntnnber and provide a useful 
guide for what should be anticipated for NpOFs-, 
NpF7- and NpOF5. 

On the basis that a comparison of the tungsten 
fluorides and oxyfluoride systems with those of 
rhenium and osmium could give hints of what to 
expect for neptuniun in relationship to uranium, 
studies of related rhenium and osmium systems have 

Table l. Interaction of XcF 6 with various oxides 
and OAyfluorides. 

XeF6 + reactants 

UOF 4 
KlJOF 

5 
CsUOF5 
WOF4 
K\IJOF 5 
CsF·l\iOF4 
KReU

11 

Oso4 

XcOF4 +products 

aX-ray powder diffraction data for CsWF 7 and CsUF7 
are in agreement with previous reports.3,4 CsUOFs 
has a rhombohedral unit cell a = 5. 39 et = 
95. 54° and is iso- structure with CsWOFs Al-

K\JT7, KWOF5 and show w1ique patterns, 
they not been 

bAlsa prepared by the method of Peacock. 5 



Table 2. Some stretching frequencies for fluoro 
and oxyfluoro derivatives of uranitun and 
tungsten. 

Compounds 

UF6 
KUF~ 

I 

CsUF7 
UOF4 
KUOF 5 
CsUOF5 
WF6 
l\\IJF 

7 
CsWF7 
\VOF 4 

-1 
~l=O(cm ) 

895,891,885 

815 

818 

1055 

1040 

667 

626 

619 

667,658,647 

592 

593 

771 

714 

707 

733 

697 

been undertaken. In contrast to t:he complete 
fluorination of the tungsten oxyfluorides by XeF6, 
its interaction with rheniun and osmiun oxy-systems 
was only partic:ll, as may be seen from Table 1. 
The vibrational spectroscopic data for KReOzF4 cmd 
XeF50so3r 3 indicate pseudo-octahedral anions 
ReOzF4- and Oso3r 3- respectively. The absence 
of>Re0F6-, Re03F2-, or OsOzF5 suggests that a 
six-coordinate mononegative anion is preferred. 
Certainly such anions as Re0zF4- and Os03F3- must 
be compact. Perhaps this compactness contributes 
inertness to further interaction with XeF6. The 
reactivity of the - and UOFs- may simply be 
a consequence of the size and coordinating 
ability of the central atoms in these ions. 

+ Syntheses for NpF6 Salts. In 1976 Jacob re-
portecl2 the preparatlOn of ReF6+ salts by employing 
SbFs as a fluoride ion acceptor for 

Ile also claimed that ReF6 was oxidized by PtF6 
according to the 

Since NpF7 is unlikely to be a very stable 
(if it can be made at all), the latter synthesis 
has great appeal as an approach to NpF6+· As a 
preliminary to the NpF6/PtF6 study the Jacob 
synthesis was repeated. The claim for ReF6+PtF6-
has not been sustained. 

Treatment of ReF6 with excess PtF6 proceeded 
according to the equation: 
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ReF6(g) + Ptr6(g) (excess) ·~ ReF7(g) 

+ (c)+ PtF6(g) (excess) 

With ReF6 in excess the reaction 1vas: 

ReF6(g) (excess)+ PtF6(g) ReF"~ ( ) 
I g 

It is possible that the interaction to produce the 
ReF6+PtF6- salt can occur at low temperatures, 
but not as Jacob described, at room temperature. 
Jacob's material was not characterized and his 
description of the solid matches that for 
PtFs. NpF6 oxidation remains to be tried and since 
NpF7 is not a thennodynomically favored entity 
it remains possible that PtF6 can yield NpF6+· 

Jacob's claim for a complex between ReF7 and 
SbFs appears to be valid since treatment of a molar 
excess of ReF6 with KrzF3+SbF6- a colorless 
solid which has the stoichiometry for 
ReF6 +sbF6- . Raman spectnm1 agrees with that 
give~ by !acob. I~ appears however that the 
ReF6 SbF6 loses Rel~7 m the laser beam (used in 
Raman spectroscopy) and it may be that ReF6+sb2F11-
lS a more thennoclynamically favorable salt. 

It is evident that is a very poor fluoride 
ion donor, since attempts to prepare ReF6+SbF6 
from the , in anhydrous IJF, failed. This 
indicates the solvent effectively competes 
\vith ReF7 as a F- donor. Clearly it is desirable 
to carry out a crystal X-ray diffraction 
study to settle the structure of ReF6+SbF6- de
cisively. 

It is evident that the most promising approach 
to is of NpF6 + is via the interaction of 
NpF6 with KrzF3+SbF6- or KrF+SbzFll- but a study 
of the interaction of NpF6 with PtF6 (or better, 
Aui~6 if it can be prepared) will also be under
taken. 

1. ~l. Bohinc and B. Frlec, J. Inorg. Nucl. Chem. 
34 2942 (1972). 
z:- F. Jacob and M. Fahnle, Angew. Chem. Int. Eel. 
15 159 (1976). 
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7. STRUCTURE OF Tl,US(ill<.f:i\)DIOXOlfl\Al'Uillvl(VI) SULFATE, 
UO z (OC (l\lJlz) z) 3 SO 4' 

Helena Ruben, Brock Spencer, David ll. Templeton, 
and Allan Zalkin 

Slmv evaporation of au,uelJu:: 
sulfate and urea yielded 
crystals similar in color of 

of uranyl 



UOz(OC(NI!z)z)s(J'.:0:5)z. 1 The crystals were stable 
in air during the month of x-ray investigation. 
The crystals arc monoclinic, space group PZ1/n 
with par~neters a = 7.619(2) A, b = 24.706(8) 
c 6.928(2) A, S = 91.06(2) 0

, and V = 1303.9 
for 2 = 4, the calculated density is 2.78 gem
the density measured by flo tat ion in a mixture 
of tctrachloromethane and tribromomethanc was 
2.79 g cm-3. 

The molecular structure \vas cletennined by s 
crystal x-ray diffraction methods. 

The structure (Fig. 1) consists of chains of 
alternate tris (urea) dioxouraniun(IV) ions and 
sulfate ions, with the sulfate ions contributing 
two o";.rgen atoms to the pentagonal bipyramicl of 
oxygen atoms coordinated to the uranium(VI) ion. 
Two urea oxygen atoms [0(4) and 0(5)] are 
cular to the uranyl ion axis; the third urea oxygen 
atom l 0 (7)] is 0. 16 A from the equatorial plane 
defined by U, 0(4), and 0(5) while the two sulfate 
O")'gen atoms are 0.30 A [0(3)] and 0.20 A [0(6)] 
from the equatorial on the side opposite 
to 0 (7) . The urea molecules are planar. One urea 
molecule is held approximately coplanar with the 
uranyl equatorial plane by hydrogen bonds to two 
of the sulfate oxygen atoms, [N(l)-H(l)---0(8) 
and N(2)-H(3) --0(8) in . 1], while the other 
t\vo urea molecules are approximately perpendicular 
to the unmyl equatorial plane. Bond distances 
and angles for urea and for the uranium (VI) 
coordination polyhedron are in close agreement 
wL th those in [UOz (OC (1'-<'Hz) z) s] (N03) 21 and 

Fig. l. ORTEP of the tris (urea) dioxouranium 
(VI) sulfate structure. i'm additional sulfate 

is included to show the bridging. The sul-
on the r is related to the one on the 

left by a translation along c of one unit cell 
length. (XBL 796-10086) 
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[UOz (llzO) (OC Iz) 2) I (N03) 2. 2 The present com-
pouml, with two sul oxygen atoms coorcl in[lted 
to the uranyl ion, is i ntennccliatc bct\1'cen the 
nitrate salts mentioned above, in which the nitrate 
ions arc not coordinated to the uranyl ion so that 
[lJlion bridging bet~Veen cation complexes cannot 
occur, and the tvo fonns of 2UOzS04·7llz03,4 in 
which three sulfate OA)'gen atoms are coordinated 
to the uranyl Lon, resulting in complex [mLon 
bridging bet~Vcen cation complexes. 
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8. A STRUCTURE OF DI -p-AQUO- BIS (DIOXODINITRL\TO
UMJ\JIUJvl(VI)) DIIJ',IIDAZOLE, [UOz (N0 3) z • IlzO ·C3ILtNz]z, 
A WATER-BRIDGED DT!IIER OF URANYJ. NITW\TE' 

Dale L. 
and Allan 

Helena Ruben, David H. Templeton, 

number of uranium complexes have 
as climers, trimers, or pol)1ners, 

few of them have been corroborated by 
x-ray crystallography. Several of these compotmcls 
are cmmcctecl by oxygen-containing bridging units 
such as carboxylates or hydroxy groups; uranyl 
acetate dihydrate, for example, is a dimer with 
both bridging and terminal acetate groups.l Uranyl 
oxalate trihydrate2 contains bridging, coordinated 
oxalate groups (with both coord.inatecl and uncoordi
natecl hydrogen bonded water molecules) that contri
bute to the formation of a pentagonal bipyramidal 
structure. 

The ti tJ e compound was by very slowly 
(in one or two weeks) a 1:1 milJimole 

of uranyl nitrate hexahydrate ancl imidazole 
in SOO ml of water. The complex, which appeared 
as greenish yello\v crystals, was then washed with 
cliethyl ether and air dried for several hours. 
The rate of CV<lporation seems to be quite critical, 
with other products and mixtures of other 
sometimes being formed. The spectrum 
of the complex in the 2500-3500 em- region, 
however, is quite distinctive (see discussion 
be lo\V) and provides a good "fingerprint" iclenti fi · 
cation. 

The green-yellow fluorescent crystals arc mono
clinic, space group is PZ1/c, with cell parameters, 
a = 9.314(4) A, b = 16.230(16) A, c = 7.053(3) A, 
B = 100.72(4) 0 and v = 1047.6 j\3, ~For z = 4 ancl 
a molecular weight of 480.13, the calculated clcn-

is 4.04 g/cm3. 

The molecular structure ~Vas detennined by single
crystal x-ray diffraction methods. Figure 1 shows 
an ORTEP view of two fonnula w1its that form the 
water-bridged cl~ner. 
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the Th-Th distances vary from 3. 97 to 4. 09 1\ in 
a series of double hydroxo- bridged thoriun (IV) 
complexes. 5 The imidazole molecules arc associated 
by hydrogen bonds to the bridging water molecules 
and are not directly bonded to the uranyl cations. 

The infrared spectrum of the complex is quite 
disti.nctive in the 0-H and N-H stretching region 
and is shown in Fig. 2. Rather than the broad 
band in the 3500 cm-l region which is customarily 
seen for metal ion complexes involving water, a 
single, considerably sharpened peak is found at 
3500 cm-1. An N-Il stretching band, similar in 
contour to the 0-H band, is found at 3328 cm-l 
while a second, sharper N-1-I frequency lies at 
3132 cm-1. These values compare quite favorably 
with those of transition metal- imidazole complexes? 

c: 
0 

a. 
b 

0 

"' .n 
<:[ 

. l. i\n ORTEP of two fonnula units I 
m the climcr configuration. (XBL 7810-11953) T 

The structure is a climcr of two formula units 
related to each other by a center of symmetry. 
Two UOz(N03)2 units arc bridge bonded via the 
oxygen atoms of t1vo water molecules. The water 
molecule is hydrogen bonded to the nonprotonated 
nitrogen atom (N3) of the imidazole, and to a 
nitrate oxygen (05) of an acent dimer. The 
nitrate-to-water bond links climers together 
into im infinite chain. 

Uranitml is eight-coordinate at the center of 
a distorted hexagonal bipyramicl which has the 
uranyl oxygen atoms at the apices. The 0-U-0 axis 
is perpendicular to the d.istorted equatorial plane, 
while the largest deviation from orthogonality 
of the 0-U-0 axis to any U-0 bond in the equatorial 
plane is 6°. A sl twist of the nitrate groups 
out of the equc1tor plane indicates som~ crowding 
in the coordination environment about U02 +. The 
geometry and bond distances of the water-bridged 
uranyl dimer in this structure are remarkably simi-
] ar to the hydroxy- bridged dimer found in 
r (N03) 2U02 (Oil) 2U02 (HzO) 3Hlz0, in 1vhich hydroxide 
instead of II20 is the bridging group, and three 
waters occupy one end of the cliJner rather than 
th'O nitrate groups. Another similar type uranyl 
climer is fow1cl in the Cl (HzO) 3UOz (OI-l) 2U02 (HzO) 3Cl 
structure,4 Hhich has heptacoordinate rather than 
octacoorciinate uraniwn. The U-U distances in the 
title compow1cl is 3.927 A and compares to 3.939 A3 

and 3. 944 A4 in the two other compounds mentioned 
above. The bridging U-0 (water) distances are 
about 0. 2 A shorter than the U-0 (nitrate) di:o · 
tances, ~mel this is consistent with what is ob
served in the other compounds.3,4 The double 
oxygen bridging of the uranyl ion is somewhat rare, 
but several examples exist for thorium in which 

3600 2600 
Wavenumber 

Fig. 2. Infrared spectrun of the title compound 
taken as a Nujol mull. (XBL 797-2322) 
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9. IMIDAZOLIUM TETRACI-ILORODIOXOURANIUM(VI), 
[C3N2f-l5+] 2 [U02Cl 4r 2t 

Dale L. Perry, Derek P. Freyberg, and Allan Zalkin 

Imidazole fonns complexes and salts with metal
lic atoms in a variety of ways. A novel example 
is a ruthenitml complex with a carbon-rutheniun 
bond.l We studied the reaction of imidazole with 
uranyl chloride to see if a similar derivative 
could be made; instead, the resultant product was 
a hydrogen-bonded salt of the imidazolium cation 
with the uranyl chloride anion, UOzCl4- 2 . 



The title compound Has prepared by dissolving 
2 nunolcs of imidazole and l mmolc of UOzCLz o3Hz0 
i_n hyclrochlori c ac icl ,,rhich '''as maintained at a pi I 
of ~z. 5-3.0 fo 11mvecl by a stirring for t\vo hours. 
The reaction solution was allowed to evaporate 
slowly over a period of several clays, yielding 
a batch of yellow, product. 

The ycJlo1v crystals arc monoclinic, space group 
PZ1/n, with cell parcuncters: a = 9. 838(5) A, 
b 10.891(5) A, c = 6.966(4) 3 = 104.56(5) 0 i\ 
and V = 722.41 i\3--: For Z = 2 calculated clen-

is 2.53 g/cm3. 

The molecular structure was determined by 
single-crystal x-ray diffraction methods. 

The compound is a salt consisting of discrete 
planar imiclazolitun cations and octahedral tctra
chlorodioxouranatc anions (Fig. 1). The closest 
non·- hydrogen atom approaches between the two ions 
are 3.20 i\ between C£(1) and N(l), and 3.26 A be
tween C£(2) and N(Z). The II(l) -C.Q.(l) and II(2)
cqz) distances arc 2.51 A and 2.46 A respectively, 
and the angles N(l)-J-I(l) -n(l) and N(2) -I-1(2) -C.Q,(2) 
arc 144° and 140° respectively; these values arc 
consistent with the criteria for N-H .. . C!i, hydrogen 
bond. 2 

The imiclazolitun cation is a fi vc-membered 
The geometry reported here is in good agree

ment with other detenninations,3,4 with bond angles 
and distances within 4o of the literature values. 

The tetrachlorodioxouranitun(I\1) anion is a tetra
gonally distorted octahedron, with four chlorine 
atoms in the equatorial positions and the two 
uranyl oxygen atoms at the apices. The U-0 dis
tance is l. 770(3) A, and the two U-Cl distances 
arc 2.692(2) and 2.657(2) Jl... 

. 1. ORTEP drawing of one fonnula unit. 
(XBL 789-1 0683) 
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10. CRYSTAL AND MOLECULAR STRUCTURI2S OF DEQ.\METIIYL
Mi\NGANOCENE J\ND DECJ\!v!ETI-JYLFERROCENE. STATIC JJ\HN
TELLER DISTORTION IN A METALLOCENE·! 

D. P. Freyberg, J. L. Robbins, K. N. Raymond, and 
J. C. Smart 

Previous structural investigations of metallo
cenes have demonstrated the dependence of the metal
to- (ring carbon) distance [R (r+C)] on the spin 
state of the molecule. Manganoccne [ (n-CsHs) zlvln 
or Cpzlvh1] possesses a high- spin 6Alg 

([e2la1o1 8I 2]) electronic configuration in 
benzene ~olu~ionl and in the vapor phase. 2 Bi.inder 
Weiss3 have determined the structure of solid 
Cpzl-ln, which is pol)~ncric, while a gas-phase elec
tron cliffraction21 study yielded an RCMn-C) of 
2.383(3) Jl... This is an exceptionally long metal 
to ring bond when compared to other metallocenes 
of the first transition series, where R(M-C) 
ranges from 2.064(3) A for Cp Fe to 2.280(5) A for 
Cp2v.5 Magnetic susceptibility, EPR,6 and UV 
photoelectron2 studies of 1.1'-dimethylmanganocene 
[ (rvlcCp) zllh1] have demonstrated a thennal equilibrium 
between high-spin (6Ala) and low-spin (2Ezg, 
[ ezg3alg2]) electronicb configurations, wi tfi the 
higfl- spm form predominating at elevated tempera
tures. A gas-phase electron diffraction investi-

similarly revealed the presence of two iso
structural species in the vapor at l00°C, with 
average R (1vl-C) s of 2. 433 (8) and 2.144 (12) A. S 
Comparison of these bond lengths with the bond 
length observed in the high-spin Cp2tvln led to the 
conclusion that the former distance represents 
high-spin and the latter low- spin (MeCp) 2Mn. J\:n 
unusually large llln-C vibrational amplitude (0.160 A) 
was noted for low-spin (MeCp)zll'ln, and it was con
cluded that this was a manifestation of a dynamic 
Jahn-Tcller chstortion involving ring-tilting modes. 
The 2E2g configuration is orbitally degenerate; 
thus in theory the low-spin manganocene is subject 
to Jahn-Tellcr distortion from pentagonal symmetry. 
Such a dynamic distortion has been inferred from 
EPR spectra of low-spin Cp7lvln and (MeCp) in 
diamagnetic host lattices./ 

Two of us recently reported the synthesis and 
properties of dccamethylmanganocenc 

[ (CH3) s) 2Mn or (Me5Cp) zMn] . 8 J\ temperature-
independent magnetic moment of 2.18 :': 0.1 1JB was 
found in the 4. 6 - 313 K, indicating a low-
spin (S = l/2) configuration. Subse-
quent EPR investigations have shown· that (MesCp) 2tvl:n, 
like low-spin (MeCp)2tvln, has a 2Ezg ground state.9 



As these molecules arc i soc lcct rom c, it might 
be expected that st ructu ra 1 pu r~nnctcr::;, such as 
mctn1-to-ring dist~mcc::; mxl distortions from axial 
S)mnet ry, should also he comparab 1 e. To test this 
hn)othes is the structure of (JIIesCp) \\'as deter
mined by s le-crystaL x-ray diffraction. The 
structure o of the c16, cJ osccl- shell (JilcsCp) 2Fe 
was also determined, to provide a "bcnclllnark'' 
compound. 

Both (illc5Cp) 2illn and (illcsCp) m·c ]Jlanar mct;;l-
locencs 1vi th staggc reel configurations of the 
A vic11' of the geometry is sh01m 
111 packing of both compounds 
is same and involves rows of 
mctal1occnc molecules of one orientation alterna·· 
ting along the c direction ~Vith roll'S \vhosc penta
gonal ;lXCS arc nearly perpendicular to the [irst. 
Along the b cllrection, the orientations of the 
pcntagona Caxcs ilrc constant, but there is a 1-
ternation from x to x + along the r01vs. For 
the iron structure there are mirror at 
x = 0 whlch pass through the , 1vhose 

lographic site S)1mnctry is Czh· For the 
manganese structure, although the packing is 
nearly the scunc, there arc subtle changes in the 
methyl orientations that occur in from the 
Cmca to the C2/c structure. The constants 
of the two similar. The high 

oftTies~ 

A metalloccne such as (MesCp) z~ln in the 
state possesses an orbitally degenerate electronic 
configuration subject to Jahn-Tellcr distortion. 
Deviations from pure axial (Dsd) S)1mnctry by either 
a static or dy11amic mechanism would serve to lift 

0 0 

Fig. l. ORTEP of (~lcsCp) zilh1. The non-
hydrogen atoms arc clrmm at SO% probability con
tours of the thcnnal motion. The hydrogen atoms 
have em arbitrary size. (XBL 801 7813) 
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the degeneracy of the 2E2g ground state. v\1ri.le 
evidence for a clymamic distortion in spin 
(illeCp) zilh1 and Cpzth1 has been presented, , 7 we find 
in the structure of (illcsCp) zMn indications of a 
static distortion which involves primarily distor
tion of the Cp ring through changes in the C-C 
bond lengths. 

Examination of the bond lengths in Table l re
veals t1vo discrepancies between the structures 
of (1\le5CP)2ilh1 and (illesCp)2Fe. First, the metal
(ring C) distances in (MesCp) 2Mn vary from 2. lOS 
to 2.118 !\., a difference of 0.013 /\ (6o) 
from closest to most ring carbon. By 
comparison, in (MesCP)2Fe, the prototype metallo
cene not subject to Jahn-Teller distortion, these 
clistzmces vary by only 0.008 !\. (<4o). This type 
of eli stortion in the manganese complex, 
is 2. The distortion may be 
envisioned as a ring slippage with C4 and C5 (and 
C4' , ') moving away from the metal while C2 and 
C~) move toward the metal. Alternatively, this 
may be viewed as a S)~mnctric ring tilt, a recog
nized vibrational mode (Elrr) for metallocenes. 
While the mctal-C chstances vary significantly 

2~1n, the themselves remain es-
planar. 

The second, and major, distortion of the man
ganocene structure occurs in the Cp ring itself. 
In the (~le5Cp)2Fe structure, the (ring C)-(ring C) 
distances do not deviate significantly from the 
mean of 1.419/\. However, as seen in Table 1, 
these distances range from l. 409 (2) to l. 434 (2) A 
in (Me5Cp)zlvln. This distortion is exaggerated 

The C3-C4 bond expands while the C2-C3 
bonds contract relative to the idealized 

of l. 419 ;\ The net result of these 
two distortions is depicted in Fig. 2, in a projec
ti.on view. To our knowledge, this is the first 
observation of such a Jalm-Teller distortion in 
an organometallic compound. 

* * * 
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Table l. Bond distances in (Me5Cp) 2M, M = Mn, fe. 

bond dist.A bond dist. A bond dist, A 
-~ ---~~------ -------------

Mn C 1 2.11X (2) Fe c1 2045(3) 
[1.216 (3)]" [1.199 (4)] 

Mn-C 2 2.105 (2) Mn c 2.11 X (2) Fe c. 2 049 (2) 
I 1.194 (3)] l 1.217 (J l 1 [1.206(3)] 

Mn-C3 2.107 (2) Mn c" 2.1 12 (2) Fe c, 2 053 (2) 
[ 1197 (3)) [ 1.206 (3)) l 1.212 (3 J I 

avh 2 II 2 (3) av 2.050 (2) 
[ 1.206 (5)] [ 1.207 (J)j 

C1C2 1414 (2) Ct-C I 409 (2) c1 c~ 1419 (3) 

CrCJ 1.411 (2) C4- Co 1421 (3) c. c, 1419 (3) 
CrC4 1434 (2) c, C,'' 1.41X (4) 

av 1418 (4) av 1.419 (2) 
Ct-C6 1.506 (3) c1 c" 1495 (5) 
CrC7 I 504 (3) C,-Cto JAn (3) c. c, 1.509 (3) 
C3-Cx 1497 (3) C"-C1 1.508 (3) c, c,, 1.497(3) 

av 1.504 (2) av 1.502 (3) 

"Distances in square brackets represent "in-plane" distances, the distances from the projection of theM atom on the ring plane to the ring 
carbons." The csd of the mean is the larger of the two given by (I) IT'(x) = C:(x,- X) 2/[n(n- I)] or (2) rr'(.\') = 1/C:( 1/rr, ').The mean in 
each case is the weighted mean. 

(a) 

0 
(b) 

(c) 

Fig. 2. The principal modes of Jahn-Teller dis-
tortion in (MesCp)z1vln: (a) ring sl (con-
certed rotation); (b) intra-ring distortion; and 
(c) the resulting distortion observed in C''lesCp) z1vln 
in the solid state. (XBL 801-7812) 

11. ANOMALOUS SCATTERING BY COBALT AND CHLORINE 
Of ( +)- TRIS (ETHYLEl\lEDIAMINE) COBALT (II I) CHLORIDE 
( +)-TARTRI\TE PENTAHYDRATE Al\JD ITS CRYSTAL STRUCTUREt 

David H. Templeton, Allan Zalkin, Helena W. Ruben, 
and Lieselotte K. Templeton 

demonstrated the optical act1v1ty and 
octahedral nature of complexes of cobalt and 
ethylenediamine by using the crystallization of 
(+)-tartrate salts to separate the enantiomers. 
One of the salts he isolated was (+)-tris(ethyl
enecliamine)cobalt(III) chloride (+)-tartrate 
pentahyclrate. \lie have detennined the crystal 
structure of this salt and used it to measure 
anomalous scattering effects of cobalt and chlorine 
for lvloKcx and CuKo: radiation. This study provides 
a foundation for some similar experiments with 
synchrotron 

Crystals of Co (CzH8Nz) 3C1 (C4!-1405) • SHzO are 
triclinic, space group P1; a= 8.261(3) A, b = 
8.507(3) A, c = 8.149(3) A,-c:;_ = 101.20(1), B = 
95.27(1), y-;; 1oz.310r, z = 1. 

Anomalous scattering effects are not especially 
for this crystal and MoKu radiation, but 

they are significant. We used the method of least 
squares to determine the values of f' and f" listed 
in Table 1. There is a discrepancy 
with the value calculated Cromer and LibennanZ 
for f" of Co at 1. 54 A; pending further investiga
tion we ascribe it to the effect called extended 
x-ray absorption fine structure ("EXAFS") , which 



Table l. Anomalous tenns. 

A,A E::--rperiment 

f"(Co) 0. 711 (]. 962 (10) 0.973 

l. 542 3.92(2) 3.608 

f 1 (Co) l. 542 2. 36(2) -2.464 

f"(Cl) 0. 711 0.155(10) 0.159 

l. 542 0.72(2) 0. 702 

f I (Cl) l. 542 0.23(2) 0.348 

is e::--rpected to occur at this photon energy only 
about 300 eV from the cobalt Kedge. The theoreti
cal value is calculated for an isolated atom, which 
is free of this effect. 

A colculation to test the variation of f" with 
angle for Co and Cl yielded the values (for 
l. 542 A) : 

f" (Co) ( 4. 01 :': 0. 04) (0. 6 :': 0. 2) 

f" (Cl) (0.69 :': 0. 04) + (0.2 :': (]. 3) s 2 
' 

where s = A-lsinfl. The variation of f"(Cl) with 
angle is not significant. The equation for f"(Co) 
gives f" = 3. 8 at 8 = 63°, the upper limit of the 
experiment. This 5% reduction (relative to zero 
angle) is similar to the 3.3% reduction at this 
angle estimated by Hazell3 from orbital Fourier 
transforms, an approximate method 1vhich may be 
e::--rpected to give the order to mag11i tude of the 
change. A similar calculation at 0. 711 A detected 
no significant variation with respect to scattering 
angle. 

* * * 
-I· 
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12. L3-EDGE J-\J'O!t-'\LOUS SCATTERING OF X-RAYS BY 
PRASEODYI-!IUM J-\J\lD SJ'\1\lARIUM''I' 

Liese1otte K. Templeton, David !1. Templeton and 
R. Paul Phizackerley§ 

Anomalous tenns f 1 and f" for Pr and 
Sm have been derived diffraction e::--rperiments 
with synchrotron radiation at wavelengths near the 
L3 absorption edges. Both components exhibit ex-
ceptLonally changes in a narro1v interval 
of which offer a powerful tool 
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for solving the phase problem in structure 
Similar 1vith cesium hydrogen 

,2 showed anomalous scattering effects 
large enough to be useful in solving macromolecular 

structures, but cesitun is not very conven
ient for this purpose because of strong absorption 
of x-rays by light atoms at the of the 

edge. The rare earth elements have 
. 26 A for lanthamun to l. 34 A for 

span the wavelength range normally used to study 
large molecules. The present work demonstrates 
effects for these elements even larger them those 
for cesium. 

The method is to use least-squares adjustment 
to derive f 1

, f" and a scale factor from diffrac
tion intensities measured at the wavelength of 
interest with a crystal whose structure is knmm 
fnum a conventional experiment at another wave
length. We used crystals of soclitun praseod)~nitun 
ethy1enediaminetetraacetate octahydrate 
(NaPrClolllzNz08, 8!-lzO) and the isomorphous samaritun 
salt. The atomic coordinates and thermal 
eters were detennined using MoKcx radiation. 
values found for the anomalous scattering terms 
are plotted in Fig. 1. For both elements f" 
exhibits the striking resonance line is 
observed in absorption curves. Tho peak values 
are substantially larger than we observed for 
cesium, and in the praseod)~nium case more than 
double the values for any element near K or L edges 
calculated by Cromer and Liberman4 with a model 
which neglects fine structure lines. 

The curves for f' show the characteristic shape 
demanded by the dispersion relation for a shm1) 
absorption line. In Fig. l the broken lines show 
f 1 calculated from f" by a Kramers-Kronig 
tion; 2 for this purpose the experimental f" curve 
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Fig. l. Anomalous scattering tenns f' and f" near 
the L3 edges for samariun (left) and praseoclymitun 
(right). The broken lines are calculated from 

~ 

f" by a dispersion relation. (XBL 7912-13732) 



was extended to higher and lower wavelengths by 
estimated values. 

The use of f" to help solve the phase problem 
in x-ray crystallography, by means of the intensity 
difference it causes for reflections hkl and ilki, 
is \vell established. The effect of a change in 
f' is similar to that of a change in atomic number. 
Thus, at two or more wavelengths where 
f' is can be like isomorphous 
replacement data. Large anomalous scattering terms 
also facilitate the cletennination of heavy atom 
positions. Once the positions are knmm for the 
anomalously scattering atoms, one can derive phase 
angles without ambiguity from diffraction data 
measured for one crystal at three or more Have
lengths, or at two or more wavelengths if both 
members of each Bijvoet pair are measured. The 
phase angles are found by solving vector equations 
in the complex plane. If these equations are 
represented by a Harker diagram the centers of 
intersecting circles must be well separated and 
noncollinear for accuracy and uniqueness. These 
conditions are met if f" is large enough for at 
least one wavelength and f' changes enough between 
two wavelengths. Hoppe and JakubowskiS showed 
that phases could be cletennined with an accuracy 
of about 50° for many of the reflections of a 
protein (erythrocruorin, lvl.W. ~ 16,000) using two 
wavelengths near the K edge of iron, where the 
anomalous scattering effects are about 7 times 
smaller than those reported here for praseodymium. 
An atom of praseodymium in a molecule of 800,000 
daltons would be a somewhat similar case, since 
the percentage effects of anomalous scattering 
depend on the ratio of changes in f to the square 
root of the number of atoms. 

The crystals for this experiment were prepared 
by Helena W. Ruben. We thank her and Dr. Allan 
Zalkin for cooperation in the determination of 
the structural parameters needed for this work. 

* * * 
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13. POLARIZED X-RAY ABSORPTION AND DOUBLE 
REFRACTION IN Vi'u'WWL BISACETI'LACETONf\Tlr!·r 

David H. Templeton and Lieselottc K. Templeton 

We have observed a variation of x-ray absorption 
in crystals of vanadyl bisacetylacetonate according 
to the direction of the electric vector of the 
photon. This polarized absorption or dichroism 
is the result of two distinct phenomena which 
involve the symmetry of unoccupied molecular or
bitals and the geometry of neighbor atoms. It 
may be used to study the geometry, orientation, 
and electronic structure of molecules. It 
rise to x-ray double refraction and anisotropy of 
anomalous scattering which introduce interesting 
complications into the x-ray optical and diffrac
tion properties of the crystal. 

The experiments made use of a Nonius CAD-4 dif
fractometer at the Stanford Synchrotron Radiation 
Laboratory. This apparatus is designed for re
cording single-crystal diffraction intensities with 
the horizontally-polarized synchrotron radiation. 
To penni t calibration of the monochromator wave
length setting, the computer control system in
cludes provision for scanning an absorption curve. 
An ion chamber measures the initial intensity, 
and the diffractometer scintillation counter, set 
at zero angle, records the transmitted intensity. 
In these experiments a crystal of vanadyl bis
acetylacetonate, VO(CsH702)2, with dimensions 
1.0 x 1.2 x 1.5 mm, was the absorber. Its orienta
tion with respect to the diffractometer coordinate 
system was determined using high-angle Bragg re
flections. Absorption curves (Figs. 1 and 2) were 
recorded using a 0. 4 mm collimator, which gave 
a small enough beam to be eclipsed by the crystal. 

As shmm in Fig. 1, the absorption line at 5466 
eV nearly disappears when the electric vector is 
perpendicular to the molecular axis. Several 
spectra measured for other orientations of the 
crystal verify that the absorption depends on the 
direction of the electric vector and not on the 
path direction, \vi th intennediate intensities at 
intennediate angles of polarization. The width 
of this line (about 5 eV at half height) is clue 
to the finite wavelength spread of the radiation 
which results from the effect of the focusing 
mirror. This dichroism lvill not occur in highly 
symnetrical molecules such as permanganate ion, 
which has a similar resolved pre-edge line, but 
it may be comnonplace in less synnnetrical molecules. 
A search for other excunples seems worthwhile. 
Several applications can be suggested. The polari
zation properties will help test theoretical models 
for the molecular electronic structure. The angu
lar variation of the intensity of the absorption 
line is a probe which can be used to measure the 
molecular orientation of vanaclyl ions, or distribu
tion of orientations, in an anisotropic specimen, 
whether crystalline or not. This crystal may be 
used as a polarizing filter to modify or detect 
the state of polarization of an x-ray beam (but 
only at these limited wavelengths). 
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Pig. l. Absorption coefflcient (on an arbitr<try 
scille) vs. photon energy for vanadyl 
tonate and linearly polarized x-ray \vith electric 
vector parallel (black circles) and pc11)enclicular 
(open circles) to the short V-0 bonds. 

(XBL 797 -10696) 

Scattering of the photoelectrons from no 
atoms the oxygen atoms in this case, gives 

rise to diffraction ripples in the EXJ\}'S region 
2). The polarization effect arises out of 

a cos2 8, 1vhere 8 .is the between the 
electric vector of the x-ray and direction 
of the neighboring atom. In vanaclyl 
acetonate each vanadium atom has five oxygen neigh-
bors at the corners of a square pyramicl.l 
The vanaclyl oxygen atom, at a 1.581(2) A, 
lies at the apex of this pyramid, and this axial 
V-0 bond is the reference vector for our discussion 
of the polarization effects. The other four oxygen 
atoms of the acetylacetonatc ligands, at the cor
ners of the pynunicl base, arc at distances 
from l. 963 (2) to l. 971 (2) i\. the phase-
shift functions of Teo and for V and 0, we 
calculated the at 1vhich maxima and minima 
occur in the EXJ\FS spectra clue to V-0 distances 
of 1.58 and 1.97 /\.. These energies are marked 

arrows in Fig. 2 on the parallel and 
curves, respect i Some of the peaks and 

valleys arc quite different for the t1vo polariza
tions, and the longer bond length fits the peq,endi
cular curve, 1vhilc the shorter one dominates the 
other. 

Any polarization of the absoq)t ion cross section 
will cause f" at the same 1vavelength and f' at 
neighboring ~Vavelengths to have values which change 
according to the orientation of the electric vector. 
The index of refraction n is related to the scat
tering factor, and thus the index of refraction 
depends on the direction of the electric vector: 
in other words the for 
x- rays. the crystal 
Hill be split into a parallel ray and a perpendi
cular ray, one being more strongly attenuated than 
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Fig. 2. Polarized EXAFS spectra for vanaclyl bis
electric vector perpendicular 

(top curve) and (bottom curve) to the 
short V-0 bond. arbitrary absorbance scale 
is magnified about 2 x that of l and is dis-
placed for the tHo curves. The of the smooth 
backgrotmd absorption is partly the result of 
instrumental effects. Arrows mark values for the 
positions of maxima and minima calculated as de
scribed in the text for V-0 distances of 1.97 A 
(top curve) and l. 58 A (bottom curve). 

(XBL 797-10697) 

the other. To calculate a diffraction intensity 
one must usc different values of f', f", the 
abso11)tion correction, and the polarization factor 
for each rav. The Polarization factor becomes 
more complicated th~n in the usual case and depends 
on the state of of the incident beam, 
the orientation the optic axis (or axes), and 
the direction of the diffracted ray. These effects 
introduce fonniclable complications into diffraction 

the clctennination 

\\'e thank Helena W. Ruben for growing the crystal 
used in this experiment. 
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Physical and Spectroscopic Studies 

l. l'i]YIR STUDIES OF URi\J\JOCEl\Tf:S 

Wayne D. Luke and Andre1v Streit1viescr, Jr. 

Proton magnetic resonance spectra have been 
recorded as a function of temperature for over 
two dozen substituted uranoccnes. Results for 
the chemical shifts at <1 single temperature are 
summarized in Table 1. Almost all of the ring 
protons show isotropic shifts that are linear 1n 
r 1. The results for the four different 
protons in l, l' ~dimcthylunmocene sh01m in . J 
are typical. 

1,1' ,4,4'~Tetra~t~butyluranocene sho1vs a sub~ 
stantial barrier to ring rotation. At temperatures 
above - 30°C the G.'!v!R spectrum consists of four 
singlets with an area ratio of 18:2:2:2 correspond~ 
ing to the t ~butyl protons and tl1Tee sets of ring 
protons. In the low temperature spectrum below 
- 80°C, the spectnun consists of eight singlets 
with an area ratio of 9:9:1:1:1:1:1:1, correspond~ 
ing to a conformationally rigid structure with 
t1vo kinds of t~butyl group and six distinct sets 
of ring protons. Coalescence behavior gives an 
average L\G* of rotation of 8. 42 kcal mol~ l. 

For comparison with the d~ transi t:i.on metallo~ 
cenes, 1,1' ,3.3'~tetra~t~butylferrocene was pre~ 
pared by alkylation of ferrocene with t~butyl 
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chloride aml boron fluoride ether ate. At 30°C the 
l11 1\,!IIT~ spcctnun consists of one t~butyl resonance 
at cH.22 ppm. Below ~35°C, two distinct t 
resommcC?s arc observed at l. 2:51 ancl l. 206 ppm. 
The ~c;_JJcsccnce temperature of, . 7. soc corr9sponcls 
to {1(, [or nng rot at 10n of b .l kcal mo 1 ~ ~, 
substanti higher than for the corresponding 
uranoccne as for the shorter ing 
distance in the fcrroccnc. 

various alkyluranocenes shows 
conformation of 

Detailed study of 
that the predominant 
is that in which the 
away from the 

tcnninal methyJ group is swung 
ln ncopcntyl ~unmocenc this 

conformation. is the exclusive 

The proton shifts is shown in 
Fig. 2 l,l'~clialkyluranocencs. The 
variations in shift arc clue primarily 
to contact shift changes around the ring. Study 
of several uranocenes prepared from clcuteratecl 
n~butyl~ and methyl~COT's shows the progression 
of protons with field to be 4,5,3,2. 
The pattern for t is greatly different. A 
tentative on comparison of mono~ 
and eli is 2,3,4,5 in order of 

Host substituted uranoccnes 
studied by x~ray structure techniques show the 

bent several t01va rcls 
'4 The differing NillR pattcn1 for 

protons in t~butyl~uranoccncs that this 
group is bent away from the Note 

Table l. 11-1 l\illlR resonances of substi tutccl uranocencs; 6 ppm from TMS. 

Shiftb at 30°C 

H -36o63 

1,3,5,7-tetramethyl -35ol5, -4o21 (CH
3

) 

-31.70, -33.67 (l-IS), -36o10, -40o39 
-7 o 20 (CH

3
) 

-32.89,-34,45 (HS), -36.33, -39o7 
-17o47 (CH

2
), -1.20 (CH

3
) 

-35o50, -35098, -~36o00 (I-15) f ~-36.40 
-14.47 (CH), ~-9.98 (CH

3
, d, J=4o4Hz) 

-32o64, -34.10 (H5), -35.22, -39.74 
-19o03 ( ) f Oo22 ( ) 

Oo98 (q-CH
2

, rn), Oo36 (CH 3 , t, J=6.3Hz) 

-33o43, -33.80, -37o30, -40o54 (H5) 
-11.49 (CH

3
) 

-33.41, -34.74, -39o51, -43.37 (H5) 
-36.02 (8H, unsubstituted ring), 

-10.82 (CJCL3) 

1,4-di-t-butyl -25.23, -39.66, -42.23 
- 1 0 o 2 5 ( CI-I 

3 
) 

-32o84, -33.42 (H5), -36o26, -41.07 
-23.97 (CH

2
), 3.86 

-31.5, -32o9 (H5), -34.9, -38ol, 
-18o3 ( , t, J=7.5Hz) 

0.63( ,m),l13(CH3) 
2o80 ( , t, J=7o0Hz) 



Substituenta 

cyclobuteno 

cyc1openteno 

dimethy1cyc1openteno 

cyclohexeno 

OCH d 
3 

0-t-C H d 
4 9 
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Table 1 cont. 

=34.29, -36.15, -36.45, -37.13 (H5) 
0.76 (p, d, J=7.2Hz) 
0.85 (m, t, J=7.6Hz) 

-13.95 (o, d, J=7.3Hz) 

-34.29, -26.15, -26.46, -37.13 (H5) 
-14.10 (o, d, J=7.6Hz) 

0.13 (m, d, J=7.6Hz), -0.04 (CH
3

) 

-27.70, -35,90, -43.80 
-26.75 (aendo), 19.65 (ciexo), (J=9. 64Hz) 

-32.12, -34.20, -41.15 
-32.58 (Sendo' m), -8.28 (Sexo' m) 
-18.78 (ciendo, m) , 24.43 (aexo, m) 

-32.43, -33.26, -39.83 
-12.91 (CH 3 endo), 5.39 (CH 3 exo) 

-22.90 (aendo), 8.28 (aexo) (J=l4.5Hz) 

-30.64, -32.53, -38.70 
-22.35 (Sendo' m), -2.94 (Sexo' m) 
-16.42 (aendo' m), 6.56 (aexo' m) 

-21.35, -34.87, -49.50, -52.01 (H5) 
4.88 (o, d, J=6.8Hz) 
4.95 (m, t, J=6.6Hz) 
5.44 (p, t, J=6.6Hz) 

-27.5, -30.2 (H5), -35.6, -43.7 
-3.73 (CH

3
) 

-28.1, .::28.7 (H5), -36.2, -45.7 
2.08 (CH

3
) 

-27.9, -30.5 (H5), -35.5, -43.5 
-0.33 (a-CH 2 , d, J=5.0Hz) 

0.70 (trans-H, d, J=l7.5Hz) 
1.75 (i3-CH, m), 2.60 (cis-H, d, ,T=10.5Hz) 

-30.51, -32.65, -36.01 (H5} -42.45 
-6.07 (CH

3
) 

-29.42, -33.69, -36.0 (H5), -40.06, -37.06 
(8H, unsubstituted ring) 

-6.27 (CH
3

) 

-29.81, -32.08, -36.23 (H5), -43.16 
-2.98 (CH

2
) -0.56 (o) 

4. 09 (m) 
5. 20 (p) 

-28.51, -32.40, -32.98 (H5), -40.63 
-2.99 (CH

2
) -36.06 (8H, unsubstituted ring) 

-1.16 (o) 
3. 94 (m) 
5. 30 (p) 

aSubstituent on both 8-membered rings except where indicated. Some of these 
bcompounds were prepared by NSF-supported research. 

In monosubstituted cyclooctatetraene ligands the ring I-IS could be identified by 
integration relation relative to the other ring proton resonances. 

~Only one ligand ring substituted. 
cData from Ref. l at 39°C. 
eAt 26°C. 
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Fig. l. Isotropic shifts of the 4 ring protons 
of 1,1-dimethyluranocene as a function of 1/T 
showing linear behavior. (XBL 7912-13544) 
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1',1'-DIALKYLURANOCENE RING PROTONS at 30"C 

-H 

I' I I I' I I II I ! I " ' 1 i I I I' I J l I I ' I i 1 I I If 1 I I I l I' I l I I I I I ! I I 1 
-31 -33 -35 -37 -39 -41 -43 

SHIFT (ppm) 

Fig. 2. Ring proton 1H l\11-IR shifts for 1, 1' dialkyl
uranocenes. H5 is identified by tts reduced in· 
tensity. (XBL 7912-13545) 

that for a coplanar ring-substituent bond, a 
t-butyl hydrogen approaches \vithin Van cler Waals 
contact of a ring hydrogen on the opposite 

The present results permit some important con
clusions regarding the factoring of isotropic 
shifts in uranocenes into contact and pseudo
contact components. Previous attempts at such 
factoring involved the assumption that these 
systems can be viewed as having ao'<ial S)~mnetry. 
The temperature dependent 1!-l l\NR spectra of urano
cene and a of substituted uranocenes clear
ly vertfy this assumption and show that Eq. (1) can 
be used to evaluate the pseudocontact contribution 
to the total isotropic shift in uranocencs. In 
this equation Xx ~ for substituted uranocenes 
and are replaced by 

(1) 

These early attempts to factor the tc shifts 
in alkyluranoccncs using Eq. (1) were not complete· 
ly successful because of failure to 
assess the confonnation of the substi tutcnt 
solution and overest.tmation of the value of the 
anisotropy tcnn, x

11 
- x1 .5,6,7 

A.nothcr i.mportant result of this is the 
confirmation of Fischer's8 demonstration that 
is not equal to zero in uranoccne. Early 
to factor isotropic shifts in uranocenc have 

assumed that = 0, and lead to over-
estimation of the tc11n. A value 
of x1 is difficult to determine rigorously from 
analysis of available Nllll~ We have fotmd 
that )J 11

2 - ]J 12 = 12. 5 l3 .~!. leads to the best 
internal consistency in factored shifts 
for a wide of 1, l' -dialkyluranocenes. 
assuning . 76 B.~r.2 and Pll2 - Jll2 = 

B.l'vl. at 'i0°C, the corresponding values of 
11 and arc 14.09 B.~l.:z and 1.59 B.~J.Z, res-
pectively. This implies that x 11 ;x J ~ 8 in uranocene, 
a value substan~ially larger than Fischer's ratio 
of xlllxl ~2.8. 

As a result of work on factoring 
the isotropic protons in urano-
cene underestimated the mag11i tude of the 
shift. Using our value of v 112 - 1112 = 12.5 B.M. , 
the pseudocontact and contact shifts for uranocene 
ring protons are -8.30 ppm and -34.2 ppm, (Gj = 

-2.34 x 1021 x 1021 on-3), respectively. Thus, 
this study confinns that both contact and pseudo
contact interactions contribute to the observed 
tsotropic shifts in uranocencs. The contact 
component is dominant for ring protons, but rapidly 
attenuates >vith increasing ntunber of o-boncls he
tween the observed nucleus and the urani.un such 
that the contact shift 1s zero for 
B-protons. 

The value of the contact shift for protons 
in uranocene is of the same s ig11 but about 1 0 to 
15 ppm in mag11i tude than the contact shift 
for ring protons in Cp 3u-X compow1cls. If a linear 
correlation exists between the magnitude of the 
contact shift and the of covalency in ligand-
metal bonding in these systems, then the Nllm data 
suggest a higher degree of covalency in the 1i 
metal bonds .tn uranocene. 

'Brief version of LBL-10432. 
l. C. J\. Harmon, D. P. Bauer, S. R. Berryhill, 
K. Hagiwara and A. Strcitwieser, Jr., . Chcm. 
16' 2143 (1 
2-:- K. 0. Hodgson and K. N. Ra}TIJOnc! , I norg. Chem. 
12' 458 (1973). 
3. A. ZaJkin, D. I-l. Templeton, S. R. BerryhilJ 
and W. D. Luke, Inorg. Chem. 18, 2287 (1979). 
4. A. D. ll. Templetoi1, W. D. Luke ancl 
A. Streitwieser, Jr., in preparation. 
5. N. Edelstein, C. N. La ~~r, F. Mares ancl 
A. Streitwieser, Jr., Chcm. Phys. Lett. 8, 399 
(1971). --



6. A. Strcit1viescr, Jr., D. Dempf, G. N. La !liar, 
D. G. Karraker, and N. Edelstein, J. i\m. Chem. 
Soc. 93, 7343 (1971). 
7. S~R. Berryhi11, Ph.D. thesis, U. C. Berkeley 
( 1978). 
8. R. D. 

p. 337. 

2. CYCLIC VOLTA\JlllETRY STUDIES OF SUBSTITill'ED 
CYCLOOCf i'-:I'ETRJ\ENES 

E.l i zabeth S. Hi 11 ard and Andrew St rei t1vieser, Jr. 

Ur:mocenes arc prepared by the reaction of a _ 
substituted cyclooctatctraene clianion Hith UCl4. 1 

illany substituted dianions readily 
fonn stable uranocenes, but some do not. For 
example, 1,3,5,7 
dianion reduced lJCl4 to 
uranocenes formed from 
were unstable.3 J\ study of the electrochemistry 
of substituted cyclooctatetraene was w1clertaken 
in order to the bet1veen the 
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electronic properties of the COT's mxl the stabil
ity of uranocenes. Several other ligands were 
also studied in hopes of further cJaborctt the 
electronic structure of uranocenes. 

Reduction were obtained by 
voltiumnetry in , air-free climethylfonn:unidc; 
(DillF) and are sumnarizc;cl in Table l. In acklit i_on, 
the; differc;ncc bc;twcen the cathodic and anodic 
pc;ak potentials is a measure of the 
of the reduction (and the of the; clicmion). 
The of the rc;cluction of cyclooctate~ 
traene was confi nnc;cl as was the formation of 
1,3,5- and 1,3,6-cyclooctatraenes at more cathodic 

. 4 Prc;sunably, these compow1els arose 
the reaction of the clianion with trace amounts 

of \vater. Triene formation \vas also observc;cl with 
substituted 

The first reduction 
dependent on the size 
of the substituent 

size cause more 
This is by the 
and t-butyl cyclooctatetraenes; the 
tial is 110 mV cathodic of 
is undoubtedly clue; to steric constraints in the 

Table; 1. CV reduction potentials in D?v!F. 

-1. 65V 

-1. 76V ethylCOT -l.96V 

-1.79V n-butylCOT -l.96V 

-1. 90V t-buty1COT -2.03V 

-1. 77V 

-1. 76V methoxyCOT -1.94V 

-1. 64V pheny1COT -1.74V 

-1. 78V triphenylmethy1COT -1.91V 

-1. 74V naphthoCOT -1.91V 

-l.26V benzyl ester of COT -1.58V 

-1. 34V t-buty1 ester of COT -l .. 65V 

l,2,3,4-tetramethy1COT -2.43V (2e) 

1,3,5,7-tetramethylCOT -2 .llV (2e) 

1,4-di-t-buty1COT -2.16V (2e) 

1,3,5,7-tetra-t-buty1COT (b) 

naphthalene -2.46V 

a Some of these compounds were prepared 
b Reduction potential not observed. 

NSF-supported research. 
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of the tub-shaped COT to the 
anion. In several of the more hindered 

compounds, the first reduction was sufficiently 
to with the second and only a 

single, tKo-clcctron \vavc is observed. Evidently, 
the bulk of the t-butyl group in ncopcntylcyclo
octatetracne is sufficiently far removed so that 

flattening is not hindered and the reduction 
potentials are similar to those of n- butyl-COT. 
In the case of phenylcyclooctatetracne, Lt appears 
that the inductive effect of the phenyl group is 
more pronounced than the steric effects since both 
reduction potentials an~ anodic of nonml alkyl
COT's. 

The electrochemistry of those COT's which do 
not fonn a uranocene arc of particular interest. 
/U though the eli anion of naphthocyclooctatetraene 
docs not react to give a uranocene,4 its reduction 
potentials are well within the range of COT's which 
clo f onn uranoccnes. The eli anions of 1, 3, 5, 7- tetra

and 1,2,3,4-·tctrcunethyl COT reduce UCl4 
to uranium metal rather than forming a uranocene. 
The reduction of 1,2,3,4-tetramethyl 
COT is -2.34 as compared to -2.11 V for 1,3,5,7-
tetramethyl COT which does give a uranocene. One 
would e:A1Ject the reduction potential of 1, 3, 5, 7-
tetra-t-butyl COT to be even higher. We have been 
unable to observe a reduction potential for this 
compound. 

In general, it appears that COT's with reduction 
potentials more than -2. 3 V would not 
be expected to fonn uranocenes. The low stability 
of uranocenes fonnecl from COT-esters may indicate 
a narrow range of reduction potentials of COT's 
which will give stable uranocenes. 

* * * 
l. A. Streitwicser, Jr., Organometallic Compounds 
of the f-Elcmcmts, T. J. ~larks and R. D. fischer, 
Eels. (Rei de 1 Publishing Co. , 1\ms terdam, 197 9) , 
pp. 149-177. 
2. M. Miller, results to be published. 
3. H. P. G. Burghard, D. G. Morrell, <cmd A. 
Streitwieser, Jr., submitted to Inorg. Chcm. 
4. L. A. Paquette, et a1., J. Am. Chem. Soc. 98, 
4936 (1976) and earlier papers. 

3. S'lNTHESIS AND CHARACTERIZATION OF Pa (IV), 
Np (IV) , :'v~D Pu (IV) BOROHYDRIDES+ 

Rodney H. Banks, Norman M. Edelstein, Brock 
Spencer, David H. Templeton, and Allan Zalkin 

Four of the seven known metal tetrakis
borohydricles--Zr, Hf, Th, and U borohydridcsl,2 __ 
were first synthesized about 30 years ago during 
the Manhattan Project. They were found to be very 
volatile and reactive compounds. In recent years, 
much structural, spectroscopic, and chemical 
studies were done on these molecules. New 
tetrakis-borohydrides of the actinides Pa, Np, 
and Pu have recently been prepared by analogous 
reactions used in the syntheses of U and Th boro
hyclrides.3 The Pa compound, Pa(BH4)4, is isomor
phous to and behaves like U(BH4)4 and Th(BI-l4)4 
while x-ray studies on Np(BH4)4 and the isostruc
tural Pu(BH4)4 have shown that they resemble the 
highly volatile Zr and Hf compounds both in struc
ture and properties. The physical properties of 
some of the metal borohydrides are shown in Table 1. 

Table l. Physical properties of metal tetrakis-borohydrides. 

Property 

Crystallographic space group 

Solid-state structure 
Density in the solid state(gm/cc) 
Melting point ("C) 
Boiling point (°C) extrap. 
Vapor pressure (mmHg/"C) 

Llquidh A 
Liquid B 

Solidh A 
Solid B 

Heat of sublimation (Kcal/mol) 
Heat of vaporization (Kcal/mol) 
Heat of fusion (Kcal/mol) 
Entropy of sublimation (cal/mol0

) 

Entropy of vaporization (cal/mol0
) 

Entropy of fusion (cal/mol0
) 

Solubility in pentane 

~ef. 1 
b 
Ref. 2 

e.Ref. 7 
0Ref. 6 

P43212 
(tetragonal) 
polymeric 

2.53 
2039 

0.05/130 

21 

in sol 

c.Ref, 5 
d 

Ref. 4 

gHith decomposition 
h 

Log p (nunHg) ~ -A/T + B 

P43212 
(tetragonal) 
polymeric 

2.69 
1269 

0.19/30 

4264.6 
13.354 

19.5 

61.1 

slight 

P43me. 
(cubic) 
monomeric 

1.85 
29.0 
118 

14.9/25 

2097 
8.247 

2844 
10.719 

13.0 
9.6 
3.4 
49.0 
37.7 
11.3 
high 

r43m 
(cubic) 
monomeric 

1.13 
28.7 
123 

15.0/25 

2039 
8.032 

2983 
10.919 

13.6 
9.3 
4.3 
50.0 
36.8 
13.2 
high 

P42/nmc 
(tetragonal) 
monomeric 

2.23 
14.2 
153 

10.0/25 

1858 
7.24 

3168 
11.80 

14.5 
8.5 
6.0 
54.0 
33.1 
20.9 
high 



All seven compotmds contain hydrogen bridge 
bonds connecting the boron atom to the metal. The 
14 coordinate Th, Pa, and U borohydriclcs,4 tn 
addition, have double-bridged borohydricle groups 
that arc involved in linking metal atoms together 
in a low- S)~mnctry, polymeric structure. The 
structures of the other four borohyclriclc molecules 
arc monomeric and much more synunetrical; the 12-
coorciinate metal is surrowlCled by a tetrahedral 
array of Bll4- groups.5-7 Its structure is shown 
in Fig. l. 

In an effort to understand the energy level 
structures of actinide 4+ ions in borohyclricle 
environments, and magnetic measurements 
have been initiated. Spectra of Np(BI-14) 4 and 
Np(BD4)4, both pure and diluted in single-crystal 
host matrices of Zr(Bll4) 4 and Zr(BD4) 4, respective
ly, have been obtained in the region 2500-300 nm 
at 2 K. The covalent actinide borohydrides display 
rich vibronic spectra,8 and assignment of the 
observed bands depends on a knowledge of the vibra
tiona 1 energy levels of M (Bl-14} 4 molecules. A 
nonnal coordinate analysis dcri vecl from low
temperature infrared and Raman spectra of Np(BH4)4 
<mel Np (BD4) 4 \vas undertaken to elucidate the nature 
of their fundamental vibrations and overtones. 
Electron paramagnetic resonance (EPR) spectra of 
Np (BH4} 4 and Np (BD4) 4 that charactcri zc the grotmcl 
electronic state have been obtained in a number 
of host mettcrials. spectra of Pa(B!-14)4 
and Pa (BD4) 4 in an organic glass were 
obtained in the near infrared and visible regions 
at 2 K. Analyses of these spectra are being 
completed. 

Fig. 1. StructureofNp(BI-14) 4. (XBL 7 95- 95 92) 
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Brief version of LBL-9229 and LBL-9874. 
l. H. R. Hoekstra and J. J. Katz, J. Am. Chem. 
Soc. 71, 2488 (1949) . 
2. H~I. Schlesinger and I-I. C. Brmm, J. J\m. Chem. 
Soc. 75,219 (1953); J. J. Katz and E. Rabinowitch, 
Chemistry of Uranicun, (~lcGraw-llil l, New York, 1951). 
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D. I-!. Templeton, and A. Zalkin, J. Am. Chem. Soc. 
lOQ, 1975 (1978). 
4. E. R. Bernstein, W. C. I-I;:unilton, T. A. 
Kciderling, S. J. LaPlaca, S. J. Lippard, and 
J. J. Inorg. Chcm. 11, 3009 (1972); 
E. R. , T. A. Keider1ing, S. J. Lippard, 
and J. J. , J. Am. Omn. Soc. 94, 2552 
(1972). 
5. R. H. Banks, N. Ivl. Edelstein, B. 
D. l-1. Templeton, and A. Zalkin, J. Am. 
102, 0000 (1980). 

' Soc. 

6:---- P. ll. B i rcl and !vi. R. Churchill , Chem. Conun. 
403 (1967). 
-,---:--- R. S. Broach, I. S. Chuang, J. M. Williams, 
and T. J. Marks, private C0111ll1Lmication, 1979; 
T. A. Keiderling, Ph.D. thesis, Princeton Univer

, 1974. 
8. E. R. Bernstein and T. A. Keiderling, J. Chem. 
Phys. 59, 2105 (1973). 

3+ 4. ENERGY LEVEL J\J\JALYSIS OF Np :LaCl3 AND 
Np3+:LaBqi-

l\f. T. Carnall, i' H. Crosswhite, t H. M. Crosswhite, t 
J. P. 1-Iessler,t N. M. Edelstein, J. G. Conway,§ 
G. V. Shalimoff, and R. Saru~l 

Previous investigations of the spectra of Np 3+: 
LaCl 31,2 have included experimental data on the 
crystal-field components, but the theoretical 
treatment was limited to parametrization of the 
free-ion structure. Together with an analysis 
of the spectrum of u3+:LaC1~),3 the present investi
gation establishes for the first time the relative 
magnitudes of the crystal-field parameters charac
teristic of trivalent actinides in C3h Sy~Tinetry. 
A crystal-field analysis for Np3+:LaBr3 has been 
publishecl,4 but some aspects require revision. 
Figure 1 shows qualitatively the energy level 
diagram for Np3+ diluted in LaCl3. 

Previous analyses of the solid state spectra 
of Np3+ were carried out using theoretical models 
that varied in the degree of their sophistication, 
but attention was focused on parametrization of 
the free-ion or atomic interactions. The existing 
crystal- field analysis of NJ?.3+: LaBq \vas based on 
a perturbation calculation.~ The foundation for 
the interpretation used here is identical to that 
used for Pm3+:LaCl3.5 The energy level structure 
within any configuration, assuming a single
configuration model, can be written in tenns of 
the matrix elements of atomic (Er) and crystal
field (Ecr) interactions: 



:l 

--7 
-6,3 
-4 

-s 
111111111 6 4 

2 7 
98 

-2 
0 5 
I 3 
4 6 
5 

-2 

-I 

4 5 
6 

3 
-s2 
-- 2 
-3 

lllllillllll4 - 7 
--I 

-2 

-6 

-5 

N 

M 
L 

K 

H 

G 

F 

E 

D 

c 

B 

A 

w 

X 

y 

z 

3+ Np : LoCI 3 

!i'DI 
' ' 
! ' 

Fig. l. level diagram for Np3+ :LaCl3. 

zs 
z4 
z3 
Zz 

zl 

Principal fluorescing levels are indicated with a 
half circle. Levels that show spectroscopic multi
plet character greater than 50% are indicated by 
brackets to the left. (XBL 7912-13546) 

where 
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6 k 
I F (nf ,nf)fk + r:;/'so + eeL (L+l) + i3C (C2) 

k=O 

(k even) 

and 

k,q,i 

Fk (nf ,nf) and Gf represent the radial parts of the 
electrostatic and spin-orbit interactions between 
f-electrons, respectively, while and Aso are 
the angular parts of the intcrrrctions, whose nwtrix 
elements can be calculated. cc, 13, andy are the 
parameters of the two- body con:fLguration- Lnterac
tion operators;6,7 while the Tl are the correspond
ing parameters of the three-body confLguration
interrrction operators. 8 E~.1 represents the 
magnetically correlated effects oC configuration 
interaction in te11ns of the t-Jk and pk 
discussed by Judd, Crosswhite, and Crosswhite. 
The field interaction (EcF) \vas assumed 
to be adequately described by the same 
particle model used to interpret the spectrum of 
Pm3+:LaCl3. S The deviation between observed and 
computed crystal-field levels for Np3+:LaCl3 is 
about twice that for Pm3+:LaCl3. This suggests 
that corrections to the present model are needed. 

At the outset of the energy-level parameter 
analysis it was apparent that the basic free- ion 
structure was satisfactorily represented by the 
previous analysis of NpCl3,2 so that with this 
as a starting point, only the principal free-ion 
parameters were allowed to vary as the crystal
field parameters were adjusted to the e:A'J)erimental 
data. As the parameter values became established, 
more of the free-ion interactions were allowed 
to freely vary. In the final computations involv-

cliagonalization of the complete atomic and 
crystal-field matrices, a total of 150 levels 
extending to ~26000 cm-1 were satLs 
with a mean error (o) of 20 cm-1. The 
values, most of which were freely 
final stages of the process, arc given in 
Table 1. These results may be compared to the 
results for Pm3+:LaCl3 where a total of 106 levels 
were fit with a mean error of 9.0 cm-1. Except 
for BB, the crystal- field for Np3+: LaCl3 
are essentially a factor two larger than those 
for the lanthanide analog. resuJ ts have 
been obtained for u3+ :LaCl3. 

The correlation between the energies and Ln-
of corresponding transitions observed 

:LaCl3, NpCl3, and NpBr3 (all three exhi.bit 
same 9-coorclinate UCl3-type lattice) was dis

cussed carlier.Z As a result of the present 
investigation, a much more extensive cmd exact 
comparison of chemical shifts wrrs possible. How
ever, even though there appeared to be a (small) 
clearly red shift when comparing the 
centers gravHy of the crystal- field components 
observed in various states of Np3+:LaCl3 to those 
in NpCl3, calculation showed that the shifts were 



too small to reflect any significant change in 
the atomic energy level parameters for the systems 
concerned. It was apparent that the same crystal
field parameters were equally appropriate in the 
two cases. 

Based on these preliminary results, an extensive 
correlation existed between calculated and observed 
levels in Np3+:LaBq. Additional assignments were 
made and many of the parameters allowed to vary 
freely. Final parameter adjustments were made 
with 147 assignments that included essentially 
the complete table of experimental results.4 
Correlation with experiment was excellent. The 
parameters, as recorded in Table 1, are slightly 
smaller than those for Np3+:LaC13, as expected, 
while the mean error (o) of 19.8 cm-1 was the same. 
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Only 14 levels from Krupke's total set were in
consistent with the computed level scheme. Essen
tially all of these were "zero"-intensity transi
tions, possibly of vibronic origin. 

We have shown that the existing crystal- field 
data for Np3+ in a hexagonal LaCl3(LaBr3) single
crystal host has been accorrm1odated in a successful 
attempt to parameterize the crystal-field, and 
that except for B5 the parameters obtained are 
approximately a factor of 2 larger than in the 
lanthanide analog in the same host. Point-charge 
model approximations suggest that covalency effects 
are not apparent in the values obtained for the 
crystal-field parameters in Np3+ compared to those 
characteristic of a corresponding lanthanide. 
These results together with those for u3+:LaC13 

Table l. 
3+ 

Parameters for Np :LaCl
3 

(LaBr3) energy levels. 

:LaCl 3 
:LaBr

3 

29989 (19) 
-1 

29864 (8) -1 
E average em em 

p2 44907 (161) 44659 (59) 

36918 (245) 36818 (179) 

F6 25766 (221) 25589 (163) 

Alpha 31. 5 (. 32) 31.9 (.26) 

Beta -740 (18) -766 (16) 

Gamma 899 (70) 954 (SO) 

Zeta 1938 (2) 1933 (1) 

r2 278 (22) 270c 

T3 44 (7) 45e 

r4 64 (7) 61e 

T6 -361 (18) -360c 

T7 434 (22) 440e 

T8 353 (17) 35Se 

Mo 0.68 (0. 1 7) 0.68e 

M2 0.38a 0.38e 

M4 0.26a 0.26e 
p2 894 (44) 905e 

p4 67lb 678e 

p6 447b 452e 

B2 
0 

163 (26) 101 (28) 

s2 
0 -632 ( 48) -661 ( 42) 

B6 
0 -1625 (52) -1339 ( 48) 

86 
6 1028 (35) 955 (33) 

od 20.0 19.8 

~M2 and M4 constrained to vary as r.~2 /MO 0. 56, M4 jllq{l 0. 38. 
p4 and p6 constrained to vary as p4jp2 0. 75, p6;p2 0.50. 

cNot allowed to vary. Parameter values consistent with those 
dfor. Np~+: LaCl3 were. assumed. . . . 
Dev1at1on (o) = L:(LilZ/n-p)l/2 where 611s the d1fference 
between observed and calculated energies, n is the number of 
levels used in the fitting procedure, and p is the number of 
parameters freely varied. For Np3+:LaCl3, n = 150; for 
Np3+:LaBr3, n = 147. 



and Pu3+:LaC13,3 provide an excellent basis for 
begtnning the <mDlys is of the heavier actinides. 
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5. A QUASI-RELATIVISTIC SCF X -a STUDY OF 
OCTAHEDRAL Sfl CO~!PLEXESt 

G. Thornton,+ Notker Rosch§ and Norman Edelstein 

Although ab- initio calculations of MLN complexes 
have been carried out extensively for the situation 
in which M is a transition metal or main group 
element,l lanthanide and actinide complexes have 
been some1vhat Such calculations are 
computationally for traditional LCAO 
schemes, although the multiple scattering X-G 
(MSXu) method is capable of solving such a problem 
without undue cost even when relativistic effects 
arc included. The meth~d has been applied 
to the species UF5, m:6, 2-·6 UCl5, 7 

NpF5, 4' PuF5. 4' S Considerable success h'as 
obtained in the.ir agreement \v.tth photoelectron 
and abso1vtion spectra. 

In the present study, quasi-relativistic SCF 
X- calculations were carried out on a series of 

complexes: Paxg-, UX(; (X = F, Cl, Br, I) and 
NpF6 . The study of such series has aided the 
interpretation of the electronic structure in tenns 
of parameters co1m1only used in inorganic chemistry. 
In this case, the main object of study was the 
nature of the Sf J field relative 
to the oxidation state of the metal ion and to 
the halide ion. Previously, only the relative 
extent of o and ·1r type orbttal interac-
tions has been discussed, in of the semi-
empirical angular-overlap model. The X-o. one-
electron found in the calculations are 
sh01m in Fig. , and the electron charge within 
each muffin-tin is presented in Table 1. 
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An appropriate test for the calculations pre-
sented here is to compare the calculated Sf Sf 
excitation energies with corresponding absorption 
spectra. 9-11 Table 2 shows thts comparison and it 
can be seen that the agreement bet1veen theory and 

is remarkably good. The excitation 
were calculated using the transition

state procedure of Slater .12 

The trend in the cDlculatecl field split-
t ings observed in . 1 follO\vs Eow1el exper i-
mentally and that expected from the spectrochemical 
serics

1 
i.e., F- > Cl- > Br- > 1-. Also, the order 

of Np6 c > uS+ > Pa4+, e.AlJectecl on purely ionic 
grmmds is observed. In the ~'IS X -o. scheme a charge 
fraction analysis of each of the orbitals can re
veal the relative a and TI contributions in each 
of the spheres . 

The following trends are apparent on comparing 
the relati.ve 1 igancl contribution to the bonding 
orbitals. The fluoride complexes are the most 
ionic in each of the various ionic groups, and the 
ligand contribution increases as the halide ion 
becomes heavier. Within a particular haLide
complex series, the heavier the metal ion (and the 
lesser the total ionic charge) the greater the 
ligand contribution. In particular NpF5 
to be the most covalent complex in 
hexahal ide series . 

Considering only the t1u antiboncling orbitals, 
the percentage of ligand a bonding increases from 
17.4% (UF5-± and 7.8% (PaF62-) to 26.6% (UI5-) and 
12.7% (Pai5 -). The ligand TI bonding component 
in the t1u antiboncling orbital increases from 2. 3% 
and 2.6% in UF5- and Par:62- to 5.5% and 3.9% in 
UI5 and Pai62-. For the antiboncling t2u orbital 
(where only n bonding with the f orbitals can 
occur), the ligand TI bonding increases from 8.5% 
and 4.8% for UF5- ancl PaF52- to 11.6% and 6.2% 
for UI5- and Pai 6

2 

The increase in both o and n bonding as the 
halide becomes heavier is substanti.al. However, 
it is small when with the clrmnatic 
decrease in the f splitting as the ligand 
is changed from r:- (sec Table 2). These 
results suggest that the f orbital of 
the hexahalide complexes are dominated by ionic 
effects with a lesser contribution from covalent 
bonding. It appeDrs that the decrease in ionic 
effects clue to changes in bond length outweighs 
the gain in covalent bonding on descending the 
halogen series. 

J\nother measure of the covDlent/ionic nature 
of the complexes can be fow1el in the gross atomic 
charge assigned to the metal and ligand, as shown 
in Table 3. This is ent to a ~lull.iken 
population analysis in the LCAO scheme. The 
pattern obtainecl here is different from that dis
cussed previously considering only the f orbitals. 
Clearly, NpF6 is the most covalent but PaF62-
appears more covalent than UF6-. However, if the 
bonding is mainly ionic then these results are 
consistent, i.e., the greater the on the 
complex as a 1vholc the smaller the charge on the 
central ion. Since the F- ion is the smallest 
and least polarizable halide ion, an overall charge 
on the complex will result in more being 
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Calculated one-electron energies for the 5f1 hexahalide com
(XBL 797-2171) 

placed on the central metal ion. There appears 
to be little difference for the other halide ions. 
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Table l. radii and interatomic distances used in the MS X-o" calculations (a. u.), and the 
fow1el \vithin each sphere for the ground state complexes. 

RM RL 

2-PaF
6 

3.212 1. 3781 5.6767 

2-PaC1 6 3. 212 . 2.2856 7.4920 

2-PaBr6 3.212 2.5690 8. 0 5 86 

2-Pai 6 3.212 3.0280 8.9713 

UF 6 2.789 1.3781 5.2666 

UCl~ 2.789 2.2856 7.0816 

UBr
6 2. 789 2.5690 7.6484 

UI 6 2. 789 3. 0 2 80 8.5670 

NpF 6 2. 76 3 L 2322 4. 9 76 5 

Table 2. Sf + Sf excitation energies; theoretical 
experimentall0-12 (on-1). and 

a2u 
_,. 

t2u a2u ... t, bu 
calc exptl calc exptl 

2-PaF 6 
2381 30 7 4 6979 7576 

2-PaC1 6 1350 1634 4521 3507 

2-PaBr 6 
1218 1707 4104 29 75 

2-
Pai 6 

944 1546 3424 2378 

4148 4479 17130 11361 

uc 6 2294 29 36 8658 6307 

UBr 6 200 8 29 35 7725 5310 

UI 6 1525 6277 

NpF 6 5662 5619 18676 23117 

8. K. D. Wa-ren, Inorg. Chem. 16, 2008 (1977). 
9. D. BroHn, P. Lidster, B. Whittaker, and 
N. Edelstein, Inorg. Chcm. 15, 511 (1976). 
10. N. Edelstein, D. Brown-~and B. Whittaker, 

. Chcm. ~, 563 (1974). 

0ML Q~1 QHJ\L QINT 

2.274 89.582 7.843 9.14 8 1. 208 

2.754 89. 351 16.039 8.482 0.925 

2.904 89.414 34.031 8.480 0. 891 

3.144 89. 4 37 52.078 8.235 0.812 

3.888 90.879 7. 80 3 8. 927 1. 197 

4. 796 89. 879 16.018 8.147 0.859 

5.079 89.9 82 34.014 8. 09 3 0.815 

5.539 90.022 52.070 7.781 0.729 

3.744 91.457 7.294 10.359 l. 412 

Table 3. Gross atomic charges. 

M L 

2-PaF6 
0.11 -0.35 

2-PaC1 6 
0.44 -0.41 

2-PaBr6 
0.38 -0.39 

2-Par6 
0.39 -0.39 

UP~ 0.68 -0.28 

UC1~ 0.96 -0.33 

UBr~ 0.86 -0.31 

UI~ 0.87 -0.30 

NpF6 0.06 -0.01 

11. W. Wagner, N. Edelstein, B. \llhittaker, and 
D. BroHn, Inorg. Chem. 16, 1021 (1977). 
12. J. C. Slater, The "Self-Consistent Molecular 
Field for Molecules and Solids (McGraw-Hill, 
New York, 1974). 
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IDEXJIFIC\TIO:\ OF Ul I I A\ID UI\ LINE·) 

t t J. 0. Berg, T. L Christensen, P. W. Kiclcl, .. 
c;. F. :\eil,l' ~mel J. G. Cmway§ 

,\lthough considerable progress has been made on 
ident i and lines of UI and UII, l, 2 
very 1 ittle is knmm about h states of 
uranitun. The only published Oil higher 

states of urani tun have t11•o lines of UI II, 3 
in the ultraviolet from 2800-3500 A 

associated 11·ith charge states higher than UII 4 

and ei 1 ines of lJ\'I in the vacmun 
Calculations of the energies of the various 
blc configurations for UIII and UIV have been 
performed' by Bre11·er. 6 J\le report here on 1 incs of 
UIII and UIV observed in the visible and ncar 
ultraviolet regions of the spectrum. 

Three different e:qx~riments were pcrfonncd to 
UI IT and UT\' lines and to assure proper 

5 

Two involved spatial variations 
bet11ccn the different species while the third used 
temporal clcpcnclenccs. In the first c;qJeriment, 
spectra 11ere taken at different spatial positions 
in a steady state uranitun/argon plasma, using a 
fiber optic probe Hith a spectrometer and photo
detector at the TR\V labs in Redondo Beach, CA. 
The second experiment \vas pcrfonnecl on the same 
machine, a mass spectrometer probe. This 
probe is basically a curved slot perpendicular to 
the magnetic field (B). Only ions possessing a 
q/m (charge to mass ratio) given by 

q/m (l) 

Hill reach the 1~1crc V is the slot 
voltage relative to the plasma and r is the radius 
of curvature of the slot. Since B is a constant, 
different q/m can be sampled by varying the slot 

Tl1c third set of C)qJeriments 1vcre uranium 
spectra taken in a sliding spark at 
La1vrcnce Berke lev Laboratory. 7 \Vi th a sector 
,,·heel and a varying time delay, different portions 
of the light from the discharge Here passed through 
a spectrograph. 

The fiber experiments showed that the 
uranitun lines could be divided into four groups on 
the basis of their relative as a ftmction 
of posit ion from the uranium source. TI1e 
intcnsi ty of lines of UI fell off rapidly with 
distance from the neutral source clue largely to 
gcometr i c factors. UII 1 ines fell off somewhat 
more slO\d)'. The lJI and UII lines identified 
on the basis of uraniwn line lists. , Lines that 
\vc as UII I rose further away from the neu-
tral source and then fell off; those of UIV rose 
more sl01vly and fell off more sl01vly. These dif
ferent spatial dependencies arc clue to the dif-
ferent fonnation, ionizat and transport rates 
for the various species. 

0lass spectrometer collector current vs. slot 
voltage plots Kerc taken at various distances from 
the neutral source and the results compared to a 
fiber optic scan of a line of a given species. 
Excellent agreement \\'as fmmd for a line of lJIII 
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cu++) as expected, 
temperature arc 
for U+ \1'i!S equal 

since the electron density and 
l v constant. 'Il1c 

good ;vhile thett for 
as good. 

For the spark spectra, the distribu-
tion foll01vcd three patterns: one in \vhich 
there was \'crv little in in tens second 
11'hcrc the · of the rise ancl peak were 
stronger than the tail, and th.ircl where the tail 
was stronger than the rise and peale 'I11c second 
pattern is characteristic of higher ionizations 
than those of the third type. J\n clcctroclclcss 
discharge 1 amp and a lm,·- energy oscillating spark 
\\'ere compared to the sliding spark source, and all 
lines in the sliding spark were new and did not 
appear in the other sources. TI1c assignments 
of all lines on the basis of the spark spectra 
agreed '''.i th the fiber assignments. Tables 
and 2 list the lines as UI II and UIV, 

Only the lines 
have been mapped. 
seen in the spark spectra. 

more lines of urn 

from the U/Ar plasma 
~lore lines have been 

Work is in progress to 
and UIV. 

Table l. Lines of double ionized uranium (UIII) 

Wavelength (i\) Wavenumber 
-l 

(em ) 

4286.83 23320.7 

4414.65 22645.5 

4838.74 20660.8 

4873.71 20512.5 

4989.88 20035.0 

Table 2. Lines of triply ionized uranium (UIV) 

Wavelength (.1\) Wavenumber 
- 1 

(em ) 

4158.54 24040.1 

4202.76 23787.2 

4 363.61 22910.4 

4717.98 21189.6 

·t·Brie f version of manuscript submi ttecl to J. Opt. 
.Soc. Am. 
'I' Permanent address: TRJii, One Space Park, Redondo 
§Beach C\ 90278. 
Current address: Institut cle Physique Nuclcairc, 
University of Paris, Orsay, France. 
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RESEARCH PLANS FOR CALENDAR YEAR 1980 

The basic purpose of the project in heavy ele
ment chemistry is to study lanthanide and actinide 
materials in order to provide the basic knowledge 
necessary for their safe and economic utilization 
in present and future teclmology. This work en
compasses related problems of an applied nature 
in actinide chemistry. 

The progr~1 includes the preparation of new 
gaseous, liquid, and solid phases and studies of 
their physical and chemical properties. Tech
niques for characterization include x-ray diffrac
tion, optical and vibrational spectroscopy, 
1nagnetic resonance, and magnetic susceptibility. 
Equilibrilun and kinetic data for complex formation 
will be measured. From these complementary studies, 
new insights into the structural and chemical prin
ciples of actinide compounds will be obtained with 
which to design new synthetic schemes to produce 
new materials. 

A major aspect of our program is the design of 
sequestering agents for actinide ions that can 
engulf the ion and generate neutral or negatively 
charged complexes. A biomimetic approach that 
notes the biological similarity between Pu4+ and 
Fe3+ suggested that catechol groups, which are 
in naturally occurring Fe3+ sequestering agents, 
should be useful ligands. Four such ligands have 
been incorporated in a series of macrocyclic 
chelating agents, t1vo of which at low concentra
tion show an efficiency for Pu4+ removal in mice 
and rats, more than an order of magnitude better 
than agents in present clinical use. Future plans 
involve the optimization of these ligands by modi
fying the cavity size and electronic structure 
of the catechol groups. In addition, new bidentate 
chelating groups will be studied for the feasibil
ity of incorporating them into macrocyclic chela
ting agents. 
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~lR studies of uranoccne in the past year have 
been very successful in revealing many aspects 
of the uranocene system. Plans for this year 
include continuing this work with the preparation 
and study of tetramethyl and cyclohexyl-uranocenes, 
and conhnning the assignment of ring protons in 
t-butyluranocenes by study of deuterated compounds. 
The suggestion that the t-butyl group is bent away 
from the uranium will also be tested by x-ray 
structure analysis of suitable compounds. Studies 
will continue on the preparation and chemistry 
of tnmsuranilln organoactinicle compounds, including 
proton N!VlR spectra of plutonocene. In collabora
tion with Dr. N. Rosch of Munich and Dr. J. Green 
of Oxford, plans have been made to continue the 
Xu-S\\f SCF calculations of cyclooctatetraene acti 
nide and lanthanide sandwich compounds and to 
deteru1ine and evaluate the photoelectron spectra 
of substituted uranocenes. In NSF-supported 
research, biuranocenylene, bis(bi-cyclooctate
traenyl)diuranilln has been prepared. The corre
sponding neptunium compound and the potentially 
mixed valence anion and cation wilJ be synthesized 
for Mossbauer isomer shift studies. 

These studies are expected to provide additional 
understanding of the electronic structure and 
chemistry of organoactinide compounds. In addition, 
we will continue studies to follow-up our discovery 
of the air- and thermal-stability of octaphenyl
uranocene. These include preparing related struc
tures in which bulky substituents shield the 
central uranium from attack by oxygen and other 
reagents. The preparation of 1,5-di-t-butylcyclo
octatetraene is well undenvay. Cyclooctatetraene 
ligands with several trimethylsilyl and cyclohexyl 
substi tuents will be examined. Tetrakis 
(diphenylallyl) uranium(IV) should have a structure 
similar to octaphenyluranocene, and its preparation 
will be attempted. Volatile, air-stable organa
actinide compounds may provide useful new routes 
for isotope separation. Finally, studies will 
continue of monocyclooctatetraeneactinide compounds 
by preparation of the alkylborohydride derivatives. 
These compounds are expected to have significant 
volatility and the potential for providing useful 
catalysts. 

Studies on the preparation and physical proper
ties of new actinide amides, alkoxides, alkyls, 
and borohydrides will continue. The reaction 
chemistry on compow1ds of the type XM[N(SiMe3)2]3 
where X is H, BH4, or Me and M is Th or U will 
be pursued. Reactions with unsaturated and other 
organic molecules with the intent of developing 
new chemistry is of particular interest. Studies 
will continue on the low-valent (i.e., divalent 
oxidation) state of Sm, Eu, and Yb with the bulky 
ligands (Me3Si)zN and CsMes. Our principal ob
jective is to understand the chemistry and reacti
vity of these low-valent materials. 

Attempts to prepare discrete Np 7+ species such 
as NpOF5, NpF7-, and NpF6+ will continue. First 
priority 1vill be given to the attempted synthesis 
of NpF6'" by the following routes: 

(l) 



(2) 

'l11c second study h'Ll1 be carried out at -196° or 
below by spraying the reactants onto a cold silver 
chlor i cle 1v imlmv in a cell from h'h i ch infrared and 
Raman studies can be nmcle. 1d 11 also be 
made to prepare ~pm:s hy o:c idation of ~pOFs- salts. 

The spectroscopic program 11·ill emphas i zc the 
spectra of lanthanide ancl actinide ions in 

or host s. Included .in this \I'Ork 
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e:;:pcriments and analvs is of 0,11 (BH4) 4 
as a pure single and diluted in ::r(BII4)4. 
The cleutcrated \l'ill also he :;tucliecl. Work 
hill continue on magnetic and optical studies of 
Pa(BII4);1 and Pu(BII4)4. Further optical data \1'ill 
be co 1lected and analvzecl on tris (hcxlnethylclis.ilyl
amiclo) ~cl(III) and Pr(TTI) in solution and in the 
solid state. ,\major effort is umlenay to collect 
free- ion spectra or U in a source as a func-
tion of current and time after excitation. ]l1is 
type of svstcmatic should all011' a classifica-
tion of the spectra accordin<~ to charge state, 
i.C., u2+, u3+, u4+, and u5+c 
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Fossil Energy 

a. Electrode Surface Chemistry* 

Philip N. Ross, Investigator 

Introduction. Corrunercialization of phosphoric 
acid fuel cell technology requires a capital cost 
reduction and an extension of power plant life 
compared to currently available technology. Sig
nificant capital cost reduction can be achieved if 
an oxygen reduction catalyst that is catalytically 
more active than platinum can be developed. The 
objective of the present research is to develop 
the physical and chemical tmderstanding of the 
oxygen-platinum surface interactions necessary for 
the rational selection of alloying components or 
for the development of other means of modifying the 
basic properties of platinum. Tiw approach used 
in this research is to study in parallel the 
kinetics of gas-phase adsorption of oxygen and the 
kinetics of anodic oxide fonnation-reduction on 
platinum surfaces modified by the substitution of 
selected ligands. The ligand modification of the 
surface is produced by either conventional alloy
ing or ion implantation. The structure, composi
tion, and chemical state of the modified surfaces 
are determined by a combination of surface analyt
ical tools: low energy electron diffraction (LEED), 
Auger electron spectroscopy (AES), and photo
emission spectroscopy (both XPS and UPS). The 
kinetics of oxygen chemisorption and oxide forma
tion from the gas-phase are studied using a combina
tion of AES and UPS. The kinetics of anodic layer 
fonnation and reduction are studied using a micro
cell directly coupled to the surface analysis 
chamber by a transfer and auxiliary pumping system 
developed especially for this application. Pre
vious studiesl have shown that the kinetics of 
oxygen reduction is correlated (via a volcano-
type relation) to the metal-oxygen bond energy of 
the metal oxide. It is felt that the platinum
oxygen bond energy, which we can measure directly, 
will be changed when ligands are bonded to the 
surface platinwn atoms and that by the use of 
appropriate ligands an optimal bond energy will 
result in enhanced catalytic activity related to 
the pure platinwn surface. 

L STRUCTURE SENSITIVITY IN THE ELECTROSORPTION 
OF HYDROGEN ON PLATINUM. i 

Philip N. Ross 

Determining how the platinum-hydrogen bond 
energy is related to surface structure is an im-

'~This work was supported by the Division of Fossil 
Fuel Utilization, Office of Energy Teclmology, 
U.S. Department of Energy. 

portant preliminary step to determining how the 
platinum-oxygen bond energy is related to surface 
structure, since the latter is a much simpler 
(both experimentally and theoretically) reaction. 
Platinum surfaces of varying (ordered) structure 
were produced by using the three different low 
index faces (111), (100), and (110) and by cutting 
a (lll) crystal at varying angles towards the 
[lQ~] and [llOJ poles. The location of the crystal 
faces examined in the fcc stereographic triangle is 
shown in Fig. 1. LEED studies2 have shown that 
cutting a Pt (111) crystal at increasingly larger 
angles towards the [100] pole introduces increasing 
numbers of (100) micYOfacets which, at certain 

(111) 
0 

[ 
[6(111)x (;ool]--t7~/\ (775l~[7(111)x(111l] 

4(111) X (100)f'•-(533~o \ 

[3(111)x(I001]7' \211-[4011lx(1111] 

(100)0 0(110) 

Fig. 1. Stereographic projection showing the 
crystallographic orientation of the single crystal 
faces studied. (XBL 801-6) 

angles, have the form of highly ordered (periodic) 
monoatomic steps. Cutting towards the [110] pole 
introduces increasing numbers of (111) microfacets 
which as monoatomic steps form a ridge having the 
(llO) "trough" geometry. Tims, the stepped sur
faces introduce a regular progression of structure 
from one low index surface to another enabling the 
effect of microfacets of differing orientation in 
a polycrystalline surface to be clearly differen
tiated. 

The voltammograms for the single crystal sur
faces of Fig. 1 clearly indicated structure 
sensitivity in the platinum-hydrogen bond. The 
curves for the low index surfaces of orientation 
(111) and (100) (Figs. 2 and 3) showed single 
peaks separated by 0.14V, corresponding to a 
difference in adsorption enthalpy of 27.5 kJ/mol. 
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. 2. Vol tammogram for hydrogen adsorption
desorption on the (111) crystal. ( ... ) Specific 
contribution due to the crystal edge. (- ) 
Desorption curve corrected for edge effects. 
50 mVs-1. O.lN HC104. (XBL 801 9) 

The n(lll)-(lll) series of crystals (Fig. 4) inch
cated a well defined peak (0. 08V above the (111) 
peak) associated with the step, which has the 
(llO) "trough" geometry, and with the (110) sur
face. LEf:D analysis of the (llO) surface indicated 
a (2 x l) reconstructed surface; the most probable 
structure for this surface is the "sawtooth" model3 
(S) [3(lll) x 2 (111)] which is in perfect agree
ment with the results of Fig. 5. The n(lll)-(100) 
series of crystals indicated two peaks associated 
with the step, and only one of these is related 
to the macroscopic (100) surface. We postulate 
that the high energy hydrogen peak [57.7 kJ/mol 
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Fig. 3. Voltammogram for hydrogen adsorption-
desorption on the (100) crystaL (. .. ) Specific 
contribution due to the crystal edge. (---) 
Desorption curve corrected for edge effects. 
50 mvs-1. O.lN HC104 (XBL 801-7) 

greater than for the (lll) surface] corresponds to 
adsorption at the five-fold sites formed by the 
acute intersection of (100) and (lll) planes. 

* * .;, 

"~'Brief version of LBL-10444. 
1. A. J. Appleby, Catalysis Reviews 4, 221 (1970). 
2. D. Blakely and G. Somorjai, Surf.-Sci. 65, 
419 (1977). --
3. R. Ducros and R. Merrill, Surf. Sci. 55, 227 
(1976). 
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2. THE EFFECT OF PT STRUCTURE AND CARBON CHEM
ISTRY ON THE ELECTROCATALYTIC PROPERTIES OF PT 
SUPPORTED ON CARBON.i' 

Philip N. Ross 

Previous studies of clean, well-ordered single 
crystal surfaces of Pt in dilute acids did not in
dicate any significant (factor of 3) difference 
in catalytic activity between the low index sur
faces, e.g. (100), (111) or (211)1. TI1ese studies 
do suggest that there are no large (order of magni
tude) effects of structure on the activity of Pt 
for oxygen reduction in the limited temperature 
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range for aqueous acid electrolytes, 300-470 K. The 
recent study by Bregoli2 indicated a small (factor 
of 2) but statistically valid difference in 
activity between Pt black and Pt on carbon in 
99 w/o H3Po4 at 450 K. TI1e present study was 
undertaken to detennine what the physical basis 
for this "weak" effect might be. 

The electrochemical properties of smooth Pt 
were compared to those of Pt microparticles with 
varying structure. The structure of the micro
particles was determined using the. extended x-ray 
absorption fine structure (EXAFS) technique and 
transmission electron microscopy (TEM). Fourier 



analysis of the absorption fine structure pro
duces a structure function (XSF) that is analogous 
to the radial (electron) distribution function 
(RDF) produced by Fourier analysis of wide-angle 
x-ray 111c XSF for Pt microparticles 
produced by adsorption from colloidal suspensions 
onto carbon black (Vulcan XC72) and mild reduction 
(100.3 kPa liz at 370 K or lower) indicated (Fig. l) 
only fcc nearest-neighbor ordering with vibrational 
mean-square displacements much larger than in bulk 
Pt. 111is of structural characterization often 
occurs in description of "amorphous" or 
"glassy" metals metastable structures 

by quenching from the melt:5, and 
the pseudo-liquid model for the 

"glassy" state of metals. THI did show liquid-like 
shapes for these Pt microparticles, e.g. drop-
like shapes with various degrees of '\vetting" the 
carbon surface (varying contact angle), in agree
ment with the pseudo-liquid interpretation of the 
XSF. It was found that inert gas or vacuum heat 
treatment of the catalyst caused a critical change 
in structure, (Fig. 2) and that at intermediate 
temperatures (cvS00-1000 K) structure transfonnation 
could be produced without drastic alteration of 
the mean particle size. The transformation shown 
by Fig. 2 is interpreted to be pseudo-liquid to 
microcrystalline, i.e. small particles with an XSF 
very close to that for bulk Pt. 

111e carbon structure was also found to have an 
effect on the Pt morphology. Deposition of Pt onto 
a graphitized carbon black produced by vacuum heat 
treatment of Vulcan XC72 to 3000 K and mild reduc
tion in hydrogen resulted in a degree of crystal
line ordering (Fig. 3) and the formation of par
ticles having \vell- defined crystal planes observ
able by THJ. 

·n1e w1derpotential deposition of hydrogen on Pt 
microparticles in dilute H2S04 revealed signifi
cant differences in Pt-1-1 bond energy directly re
lated to structure. The vol tammetry (Fig. 4) 
for the pseudo-liquid structure of Pt was uniquely 
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Fig. 1. Comparison of the EXAFS derived radial 
structure fwKtions for Pt clusters on amorphous 
carbon black (-) to that for a poly-crystalline 
Pt foil ·-). The first four nearest neighbor 
distances a11el coordination numbers in crystalline 
Pt are indicated. (XBL 7910-12158) 
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Fig. 2. The EXAFS derived radial structure func
tions for Pt clusters on amorphous carbon black 
pre-treated by mild hydrogen reduction (-) and 
by heat treatment in vacuum to 1073K (- ·-). 

(XBL 7910-12168) 

10 

different from that for any of the low index faces 
but similar to that seen on some high Miller index 
faces that produce stepped surfaces. Microparti
cles with the crystalline structure exhibited 
voltammetric curves which could be directly re
lated to underpotential deposition at ordered low 
index surfaces. 

Oxygen reduction was studied on these catalysts 
in H3Po4 at 380-450 K. A "weak" effect of struc
ture was observed that indicated a lower (by 10.5 
kJ/mol) activation energy and lower pre-exponential 
(factor of 2) for the pseudo-liquid structure of 
Pt than for microcrystalline or bulk Pt. These 
differences can be attributed quantitatively to a 
measured difference (21 kJ/mol) in the heat ad
sorption of the oxygen reduction intermediates on 
the pseudo-liquid microparticles. Stronger bond-

IOwt% Pt-V Colloidal 
II wt% Pt- GV ion- exchange 

2 

t 
g 

-g v 
0:: --5---------::---

Fig. 3. Comparison of the radial structure func
tions for Pt clusters on an amorphous (-) and a 
graphitized (--·--) carbon black substrate after 
mild hydrogen reduction. (XBL 7910-3033) 

10 
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Fig. 4. Comparison of the underpotential curves 
for hydrogen on Pt clusters having the pseudo
liquid structure (--·--) and on Pt clusters 
having a microcrystalline structure (-). 

(XBL 799-2946) 

1.4 

ing of adsorbates on surfaces of low (<7) coordina
tion appears to be a fundamental property of metal 
surfaces that will produce in any catalytic re
action at least a "weak" effect of structure on 
reactivity. 

* * * 
·" 'Brief version of extended abstract, 156th Meeting 
of Electrochemical Society of Los Angeles, The 
Electrochemical Society Inc., Princeton, NJ 1979. 
1. L. Bregoli, Electrochim. Act:1 23, 489 (1978). 
2. P. Ross, J. Electrochem. Soc. ]~6, 78 (1979). 
3. P. Gaskell, J. Non-Cryst. Solins32, 207 (1979). 
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RESEARCH PLJ'u\JS FOR CALENDAR YEAA 1980 

The photoemission (XPS and UPS) module will be 
added to the existing LEED-Auger Spectroscopy 
system and will complete the construction of the 
apparatus. Tl1e study of oxygen chemisorption and 
oxide formation on Pt and on the Pt-Group I\b and 
\b intennetallic compounds will be started. Fur
ther studies of the structure sensitivity of Pt 
are planned using surface structure modification 
by noble gas ion implantation. 

1979 PUBLICATIONS fu\JD REPORTS 

Refereed Journals 

1. P. N. Ross, Jr., "Structure Sensitivity in the 
Electrocatalytic Properties of Pt:I. Hydrogen 
Adsorption on Low Index Single Crystals and the 
Role of Steps," J. Electrochem. Soc. 126, 67 (1979). 

2. P. N. Ross, Jr., "Structure Sensitivity in 
the Electrocatalytic Properties of Pt:II. Oxygen 
Reduction on Low Index Single Crystals and the 
Role of Steps," J. Electrochem. Soc. 126, 78 (1979). 

Invited Talks 

1. P. N. Ross, Jr. "Hydrogen Electrocatalysis," 
Workshop on Electrocatalysis, Institute for Physi
cal Chemistry 1neory and Application, La Plata, 
Argentina, Dec. 11-15, 1978. 

2. P. N. Ross, Jr., "Ex. Situ Analysis of Elec
trodes by Electron Spectroscopy, 11 Gordon Research 
Conference on Electrochemistry, Santa Barbara, 
Jan. 5-9, 1979. 

3. P. N. Ross, Jr., "The Electrochemistry of Pt 
and Other Noble Metal Surfaces," Workshop on 
Oxygen Electrochemistry, Case Western Reserve 
University, tvlay 2-4, 1979. 

4. P. N. Ross, Jr. , "The Effect of Structure and 
Carbon Chemistry on the Electrocatalytic Properties 
of Pt Supported on Carbon," the Electrochemical 
Society Meeting, Los Angeles, 0\, Oct. 14-19, 1979, 
paper #190. 



b. Deuterium Analysis of Coal by NMR* 

A. Pines, Investigator 

l. CARBON-13 i'u\Ji\LYSIS OF WllOLE 1\J\JD PROCESSED COALS 

D. Wemmer, G. Drobny, cmdA. Pines 
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Together with the Central Research Division of 
Mobil Oil Company, we arc continuing our character
ization of materials used jn fuel technology, in 
particular coal imcl oil shale. Using solid state 
JIIMR tcclmiques, we can distinguish four types of 
carbon functional groups: condensed, aromatic, 
ether and aliphatic. These have been used to char
actcnze coals by rimk and to tmderstand the changes 
which occur during processing of the coals. Figure 
1 shows, as an example, that the 1-l/C ratio, conunonly 
used as a measure of aromaticity does not correlate 
well with aromatic content as detennined by us. 
Catalytic products are found to contain more iso
lated aromatic rings than thennal products. Further 
ex-periments including double resonance with spin
ning have enhanced our resolution and work is in 
progress on other samples, correlahon with contact 
t1mes during liquefaction, and the use of our novel 
deuterium techniques for these studies. Model com
pounds have been designed by such deuterium label
ing studies and are described in other sections. 
Together with Mobil, we are applying these model 
studies to hydrogen labeling during coal processing. 
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* This work was supported by the Division of Coal 
Research, Office of Fossil Energy, U. S. Depart
ment of Energy. 
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-~"Brief vers10n of I.I'P.l Report of /vloh i J Research 
and Development. 

2. DOUBLE QUANTlJlvl PO\VlJER LINES! JAPES 

J. 1-lurdoch and A. Pines 

The field by a nucleus in a 
N~!R experiment is modified by local electron densi
ties. In solids the extent of shielding and hence 
the nuclear rcson;:mce are functions of 
molecular orientation to the external mag-
netic field. One may cletennine the principal values 
of this chemical shielding tensor from the charac-
teristlc of a powder. 

When the nucleus to be stuched is , spin-
spin dipolar coupling is sufficiently strong to 
hopelessly broaden any chemical shielding anisotropy 
unless special techniques are employed. We have 
chosen to look at proton-decoupled, double-quantum 
deutcriun line shapes from samples with a few per
cent of the molecules selectively deuteratecl. This 
method allows the isolation of chemical shielding 
effects: the proton decoupling removes proton
deutcriun dipolar interaction, deuteriun-deuteriun 
dipolar coupling is small since the average dis
tance between the scarce 2]-J nuclei is large, and 
the double-quantum spectral frequencies are uiwf
fected (to first order) by the cleuteriun electric 
quadrupolar splitting. 

The detailed lineshape for such an experiment 
depends not only on the principal values of the 
chemjcal slnelcling tensor but also on the prcpara-
tion and detection sequences, on the strength 
of the rf radiation compared to other 
terms in , and on the relative orien-
tation of the chemical shielding and quadrupolar 
tensor axes. This latter dependence is 

the orientation of the quadrupolar 
molecular axis system is knm,'11 or can 

be estimated, we learn something about the align
ment of the chemical shielcl:ing tensor relative to 
the molecule from just a powder experiment. 

Several computer progrcnns have been written and 
used to generate chemical shielding lineshapes for 
a wide variety of pulse sequences and tensor orien·
tations, Experiments will be continuing on the 
measurement of actual shielding tensor lineshapes 
1vith the hope of improvlng resolution sufficiently 
to sec more of the expected structure. 



3. I !IGH RESOLUTION DEUTERIUM Ni\!R BY ivV\GIC ANGLE 
SAMPLE SPlNNING"i-

R. Eclanan and A. P i.ne s 

Measurement of isotropic high-resolution or 
like NHR spectra of deuterium in solids ob
by fast magic angle sample spinning is in 

progress. Stability of the sample turbine-optical 
tachometer system has been increased \vhich allows 
accurate synchronization of the spectrometer data 
acquisition to the rotation, a cri.ti.cal re-
quirement for resolution. Highly resolved 
isotropic spectra have been recorded for several 
per-deuteratecl and partially-deuteratcd model com
potmds for coal analysis. 
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In Fig. 1 is shown the isotropic spectnun of per
cleutcro para-di-t-butylbenzenc-dzz at a rotation 
speed of 62,000 rpm. A splitting between crystal-
lographically aromatic deuterons is 
evident, illustrating the high resolution obtained. 
This allows more accurate measurement of deuteritun 
chemical shifts in solids. Resolution can be in
creased dramatically by increased magnetic field 
strength. Construction of 1nagic angle sample spin
ning probes for a new higher field spectrometer is 
Lmder way. 

* * * 

-~'Brief version of LBL-8845, Chem. Phys. 42, 423 
(1979). 

ppm (3) 

FLg. 1. Isotropic liquid-like spectrwn of para-cli
t-butylbenzene-clzz rotating at 62,000 rpm. Single 
peak on right is clue to methyl groups. Doublet at 
left arises from inequivalence in the solid state 
of opposing pairs of ring deuterons. (XBL 799-12058) 

4. DOUBLE QUJ\J\!T!Jivl l\'MR IN ROTATING SAiv!PLES f· 

L. i'luellcr, ll. Eckmcm, and A. Pines 

resolution deuteritun NMR spectra have been 
obtained with the magic angle spinning technique. 

using this method the cleutcriun resonance line
can be reduced by several orders of magnitude. 

This , however, an 
spi1mer (angular instabi.litics 
millidcgrces) . This proposed method 
this requirement. 

stable sample; 
than a few 

circtunvents 

For cleutcriwn, as a spin one nuclei, forbidden 
double quantwn transitions can be gcnc;rated. These 
transitions arc independent from first 
order quadrupolar broadening. Thus detection of 
double quantum transition in a angle 

high resolution spectra which are 
to spinner instability 1). 

a 
2-Q 1-Q 

c 

\ 

\ 
--·---~ 

0 560[Hz] 

Fig. 1. A double quantum pulse sequence was applied 
to a sample of 28% deuterated ferrocenc. Data wc;re 
taken at 50 subsequent t1 values (150 accwnulations 
per value). For the selected param-
eters phase difference between single and double 
quanttun peaks happens to be about 180 o. (a) The 

of the rotor a'<is 0 was optimally adjusted 
I 0-01 I < 0. 006 o (Om= arctan /2) , sample rotation 
spec~ '+ = 1125 Ilz. (b) Slightly misacljusted angle, 
l8-8mi=0.031 (vr=l250 . (c) IB-8mi=0.097° 
(vr = 1090 llz). Here the quanttun peak is too 
broad to be detectable. (XBL 801- 7819) 



This nove 1 method w.i.ll be applied in the future to 
chemi,ea.l of practiccl1 interest. 

·Briel' version of LBL-10331. 

S. :-.;,\JR lJEUfERilJ)I! CROSS- POJ.J\JU ZATION IN ROTATING 
Si\MPLI:S; 

L. !llue1ler, D. Eckman, and A. Pines 

Cross polarization of from one 
spin species to another by a "Hartmmm-Hahn" type 
matching of rf field amplitudes has become very use
ful since it permits a considerable increase of sen

of rare nuclei. The mechanism of this 
transfer is based on a mixing of het

eronuclcar spin states clue to static dipolar inter
actions in solids. In magic angle spinning solid 
[8m ~ atan (/2)], all dipolar interactions are mod
ulated. However, it has been shmvn eA.1Jerimentally 
and theoretically by several workers in the field 
that an c fficient still takes 
place when the frequency is 
smaller than the dipolar (local field) in 
a solid. 

Our goal was to apply this method to magic angle 
spinning deuterium spins. None act as spin l abc 1 s 
and should allow the study of proton sites without 

pulse experiments. Their quadrupolar in
teractions, hmvcvcr, pose o problem for a success-
fu1 cross , since they cause deuterium 
energy levels to be strongly modulated during the 
sample We found theoretically that mag-
netization trans fer is possible if: 

rotation 

tJQ quadrupolar coupling constant 

uJlD : rf held amplitude 

Figure 1 demonstrates that matching is possible 
over a very broad range--range of rf field values. 

Thus the method 
clcuterilnn in 

increases the sensitivity of 
soli.ds. In the future we 

shal1 further 
dyncmtics to gain more 
the process and begin 
for full research. 

the cross-polarization 
insight into the physics of 
application to model compounds 

* * * 

·[·Brief version of LBL-1024S. 
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Fig. 1. Cross-polarized deuterium magnetization for 
a contact time of 25 rotor cycles (17.24 msec) has 
measu::ed as a function of the deuterium rf field 
amplitude whilst the proton rf field amplitude wm 
remained constant at 18 kHz. Spi1mer rotation 
speed 14SO Hz. Sample: 25% randomly deuterated 
hexamethylbenzene (isotope exchanged over palladium). 
SO of FID' s were accumulated per experiment. The 
deuterium signal was detected under rotation syn
chroncous sampling of the rotation echoes. The 
signal plotted is the signal gain by cross polar
ization relative to the signal obtained by deuterium 
90° pulses. For lower values of wlD a substantial 
part of the transferred polarization goes into 
double qum1tum and quadrupolar polarization. 

(XBL 7912-13692) 

6. SPIN DIFFUSION ~~ RE~~TION IN ~~\GIC fu~GLE 
N/11Rt 

R. Eckman, L. Mueller and A. Pines 

A crucial aspect of high resolution deuterium 
N~ffi in solids by magic angle s~~ple spinning is the 
rate of spin-lattice relaxation. Spin-lattice 
relaxation times, T1 , of deuterium in solids can be 
some minutes and longer making the observation of 
deuterium resonances almost useless. However, we 
have found that certain T1's were much shorter than 
expected in rotating smnples and have shmvn that 
this is due to spin diffusion between crystallo
graphically inequivalent deuterium nuclei. 

Deuterium solid state T1's have been measured 
selectively from the isotropic magic angle spinning 
spectra by a saturation recovery sequence. Results 
shmvn in Table 1 indicate that the methyl deuterons 
relax quickly ( ~ l sec.). Aromatic deuterons relax 
quickly (5- 30 sec.) when there is spin diffusion to 
-CJJ 3 groups, but slowly ( ~10 min.) when there is 



Table l. Deuterium solid state T 1 (second). 

Compound 

terephthalic acid 

(D~5coppD4cop;~~ 

p~ dimethoA'Ybenzene- ell 0 
(JJcCO¢D

4
0CD3) 

terephthalic acid 
climethylester-cl4 
(H

3
co2C¢D 4cop!

3
) 

0.86 ± 7% 28 ± 7% 

0.26 ± 4% 5 ± 20% 

640 ± 13% 

no spin eli ffusion to --C!!3 groups. The magic angle 
smnple rotation restores spin diffusion 
in the deutcriun system and makes it possible to ob
tain high resolution spectra with good sensitivity. 
Further measurement of deuteritnn T 1' s and dependence 
of on frequency of rotation and temperature are 
in progress. 

1-: * * 

"~-Brief version of LBL~9948. 

7. SYNTI!ESIS OF IlEUTERILJIVl LABELED tvl!-\TERIL\LS-t-

S. Wolfe and A. Pjnes 
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Ileuterated compounds using magic angle spinni.ng 
provide a means for observing chemical shifts in 
solids where the proton spectra would be obscured by 
dipolar interactions. Deuterated compounds arc often 
prepared by: l) catalytic with D2o or Dz, 
2) acid or base exchange with DzO, or 3) 
with the use of conunerci.ally available cleuterated 
reagents. Compounds can be prepared in a perdeuter-
ated fashion, labeled manner, or in a 
mmmer where deuterium randomly distributed 
throughout the molecules (or over a portion of 

Various p-clisubstituted benzene deviatives such 
as terephthalate esters p~dimethoxybenzenes and 
p~ditert-butylbenzenes been in a pcrr-

deuteratecl and perdeuterated manner. These 
compounds have provided model studies for under~ 

chemical shifts and relaxation mechanisms 
of deuteriun in solids. Partially dcuteratecl com
powlds such as hexamethy lbenzene ;:mel clurenc have 
been in a 10% randomly deutcratecl manner 
by catalytic exchange using 10% Pcl/C and D2 gas at 
200 oc. Compow1cls such as these have been used to 
study cross between protons and cleu
tcri.a. Recently, we have discovered that 10% Pt on 
carbon is a superior catalyst to Pt black in ex~ 
change reactions with DzO since it is less suscep
tible to deactivation and provides more catalytic 

activity for the cunmmt of Pt used. Future synthc~ 
sis will jnclude such compounds ~1s long clw in 
aliphatic alcohol cleuteratecl in the alpha and omega 
positions to be used in model studies of membrcme. 
Other compounds Hhich are solids at room 
will also be synthesized to provide more 
on chemical shifts of deuterium in soli.ds. 

-)..; * * 

-!-Brief version of LBL~884S. 

8 . HI Gil F J ELIJ NiVlR SP ECTROillETER 

G. Drobny, D. Wilkinson and A. Pines 

i\ field N?-lR spectrometer has been clesig11ed 
and its construction has been completed. 
The spectrometer uses a superconclucting magnet oper~ 
ating at a field of 84 kilogauss. The 
Larmor frequency of protons m such a field is 360 
tvl!-lz. The device has two rf channels for double 
resonance , each channel generating four 

an intennediate frequency 
operation is controlled by 

a Data Nova 820 minicomputer equipped with 
a 10 megabyte disk drive, and a floppy disk clri ve 
will soon be added for mass data storage. Novel com-
ponents include a microprocessor-controlled pulse 
programmer, a home built completely solid state 300 
watt, 360 tvlllz power amplifier, a microprocessor~ 
controlled shifter for use in selective multi~ 
ple quantum experiments, a high speed turbine rotor 
for angle spirming CAlJeriments, and a dual 

, manually controlled, hi.gh pressure espresso 
generator. 

This device has been designed with solid state 
deuteriLml l'ITtvlR in mind. At this frequency t1vo advan-
tages arc e;q)ectcd. , the second order quad-
rupolar broadening should by a factor of 
two since it is mvcrsely proportLonal to the mag
netic held strength. Secondly, the chemical sh1fts 
should increase by a factor of two, thus giving us 
an effective resolution enhancement of four. Special
ized high frequency magic angle probes are being con
structed to capitalize on these advantages. 

RESEARCH PU\J\JS FOR Cil..LENDAR YEAE l 980 

1. Synthesis of model compounds for coal process-
ing intennediates. These will include both per-
deuterated and selectively deuteratccl materials. 

2. Completion of high frequency magic spin-
ning probe. Th.i.s will be used to obtain a factor 
of 4 increase in rcsoluti.on. 

3. of techn.i.ques developed in the 
last year, inclucllng double quantun, double res~ 

onance m1d high stabi.lity spi1ming methods. 

4. AppLication to coal liquefaction intennechates. 

S. Development of techniques to observe deuterium 
in natural abw1dcmcc. 
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1979. 

2. A Pi.nes, Chemistry Department, University of 
Cal1fornia, I1~ine, California, Feb1vary 1979, 
Seminar. 

3. J. Ackerman, M. Alla, R. Ec]Qnan, and A. P1nes, 
"High Resolut10n Deuteriun NlllR in Solids," 
20th Experimental l\IJVlR Conference, As1lomar, 
California, February 1979. 

4. A. Pines, New Developments m Solid State NlVlR, 
Pittsburgh Conference on Chemistry and Spectra
copy," Sy111posiun on New Techniques, Cleveland, 
Oh10, March 1979. 

5. A. Pines, Chemistry Department, Colorado State 
University, Fort Collins, Colorado, Apnl 1979, 
Seminar. 

6. A Pines, Chemistry Department, University of 
Colorado, Boulder, Colorado, April 1979, Seminar. 

7. A. P1nes, Harvard-M. I. T. Seminar, Harvard 
University, Cambridge, Massachusetts, April 1979, 
Seminar. 

8. A. Pines, Chemistry Department, University of 
Cahfornia, Los Angeles, California, May 1979, 
Seminar. 

9. A. Pines, ''Nuclear Magnetic Resonance with Lots 
of Photons," IBM, San Jose, California, May 1979. 

10. A. Pines, Chemistry Department, University of 
Texas, Austin, Texas, May 1979, 5 Invited Lectures 
in Dist1nguished Visiting Lectures Ser1es. 

11. A. Pines, International Symposium on Magnetic 
Resonance in Chem1stry, Blology and Physics, 
Argonne National Laborato1;, June 1979. 

12. A. Pmes, "The Analogy of Multiple Quanttml 
Spectroscopy to Isotop1c Labeling and Supersonic 
Beams," fourth European Experimental Nuclear Mag
netic Resonance Conference, Grenoble, france, 
June 1979. 

13. A. Pines, "Magnetic Resonance," Gordon Research 
Conferences, Wolfeboro, New Hampshire, June 1979. 

14. A. Pines, University of Witwatersrand, 
Johannesburg, South Africa, presented 10 Invited 
Lectures, August 1979. 

15. A. Pines, "Multiple Quantum Spectroscopy," 
Bat-Sheva Workshop on Jvlagnetic Resonance, Israel, 
presented 6 Invited Lectures, September 1979. 

16. A. Pines, University of California, Berkeley, 
California, September 1979, Seminar. 

17. A. Pines, Chemistry Department, Purdue Univer
sity, West Lafayette, Indiana, November 1979, 
Seminar. 

18. A. Pines, Chemistry Department, University of 
Pennsylvania, Philadelphia, Pennsylvania, November 
1979, Seminar. 



19. A. Pines, "Nuclear Magnetic Resonance with Lots 
of Photons," Symposium on Magnetic Resonance in 
Biology, Stanford University, November 1979. 
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20. A. Pines, "Recent Developments in High Resolu
tion Deuterium NMR Solids by Magic Angle Spinning," 
21st J\Jmual Mountain Conference, Denver, Colorado, 
August 1979. 



c. Coal liquefaction Test Program* 

Alan V. Levy, Investigator 

Introduction. The behavior of ductile metals 
in both cast and wrought forms in the erosion
corrosion environments that occur in coal lique
faction process components from the actions of 
elevated temperature coal-solvent slurries are 
being studied. New information is being developed 
on the role of such variables in the slurry as 
solids content, velocity, entrained moisture and 
gas content, viscosity, temperature and particle 
conuninution in promoting or retarding erosion 
behavior of metal alloys. Different alloys have 
opposite rankings of erosion resistance in dif
ferent slurries with relatively small differences 
in the slurry. Distinct geometry effects on 
erosion of pipe elbmvs have been found that vary 
with slurry velocity and solids loading. Non
dimensional correlation analyses of erosion data 
have related slurry and target material properties 
with respect to erosion behavior. 

1. EROSION BE!-l!WIOR OF P..lETALS IN COAL SLURRIESt 

W. Tsai 

The use of the small, two liter capacity slurry 
pot tester has developed knowledge of the effect 
of several variables on the erosion of structural 
metals exposed to non-aqueous coal slurries .1 Both 
test conditions and sample composition have been 
varied. It has been detennined that small modifi
cations in test conditions can have major effects 
on the erosion behavior of different materials.2 
Comparative erosion rates of A-53 mild steel and 
304SS have been reversed by small changes in 
particle size distribution and initial water 
content of the coal. Figure la shows the erosion 
of the two steels as a function of drying the coal 
prior to mixing the slurry. It is probable that 
a thin film of water formed on at least the larger 
coal particles, providing an encapsulating energy 
absorber that markedly decreased the amount of 
erosion that occurred. 

Figure lb shows that the coal particle solids 
loading in the slurry has a relatively small 
effect on the erosion of an A-53 mild steel over 
the range of coal concentrations typically used in 
coal liquefaction systems 30-50 wt.%. The effect 
of velocity difference is significant and can be 
seen in the curves. Based on the type of data 
obtained by varying several different test param
eters, plots have been prepared giving erosion at 
}Q1own conditions as a function of time. The tan
gent at time zero to an errosive wear curve is 
taken as the characteristic rate of erosion in an 
experiment. This value is correlated, through 
dimensional analysis consideration 1vith the dimen
sionless groups characterizing the experiment. 

work was supported by the Division of Planning 
and Systems Engineering, Office of Fossil Energy, 
U. S. Department of Energy. 

486 

5 

4 

3 

2 
'<!' 
' Q 
X 

{\j 

E 
(.) 

' 01 

<J 20 

c 
0 
if) 

0 15 ,_ 
w 

0 A-53 MILD STEEL 

0 304SS 

Dry coal 

A- 53 MILD STEEL ~9 
0 50 WT% COAL ff 0 30 WT% COAL// 

20 

0/ 
/

LI --o 30 fi /sec, 
/ -----o -----o 9.14 m/sec 
o ___-o -----0 --o 20ft /sec, 
"~ _...........-g___-::g-o 6.1m/sec 
~u=---;:::::::..---

40 60 80 100 120 

Time (min) 

Fig. l. (a) Effect of water content in 30 wt.% 
coal on erosion of A-53 mild steel (o) and 304SS 
(o) in kerosene at 25°C at V = fps. (b) Effect of 
particle concentration and velocity on erosion of 
A-53 mild steel in kerosene at 25°C using 50 wt.% 
coal (o) and 30 wt.% coal (o) slurries. 

(XBL 801-49A) 

Erosive wear of the metal specimens tested 
(A-53 mild steel, 304SS and 316SS) with coal and 
silicon carbide particles in kerosene was found to 
increase with increasing particle density, con
centration, velocity and hardness and with de
creasing target metal yield strength or hardness. 
Figure 2 shows the fit of the regressed equation. 
Data clustered about 9.5 (for coal) has an average 
error of 19.4% while that clustered about 7.25 
(for SiC) has an average error of 14.3%. 

* * * 
i'Brief version of LBL-10044. 
1. R. Gardi, B. Ricks, and T. Audl, "Control of 
Erosion-Corrosion in Slurry Pipelines," lst 
International Conference on the Internal and 
External Protection of Pipes, Sect. G-4, pp. 39-52, 
Sept. 1979. 
2. B. Ellison, "Corrosion-Erosion in lvlulti-Phase 
Systems," presented at 70th Annual Meeting AiCHe, 
Nov. 1977. 
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2. EROSION OF PIPING IN A SLURRY LOOP 

A. Shaw and A. Levy 

The slurry loop system using a recirculating 
slurry of 30 and SO wt% coal in kerosene has been 
operated in excess of 2000 hrs in a series of tests 
to detennine the erosion behavior of mild steel 
and stainless steel elbow components at ambient 
temperature. Figure 1 shows the reduction in 
piping wall thickness of a side loop to the 
priinary 2" diam. pipe loop. The smaller diameter 
pipe sections of A-53 mild steel were used to 
increase the velocity and, hence, the aJllOWlt of 
erosion to be able to obtain measurable wall thick
ness reductions in a reasonable test duration of 
250 hours. The numbers opposite each measurement 
location are the number of thousandths of thick
ness reduction as measured by an ultrasonic thick
ness gage. It can be seen that the erosiveness of 
the slurry flow increased with velocity and as a 
function of geometry. For example, the erosion in 
the entry 2" cham elbow of the side loop where the 
flow velocity was 8-10 fps (points 1, 2, 3) was 
considerably less than that of the 2" dia elbow 

Fig. 2. Comparison of measured and calculated 
erosive wear. (XBL 801-48) 

at the exit section (points 31, 32, 33) where the 
flow from the 1" diaJn pipe (velocity = 35-40 fps) 
impinged on the 2" diaJTI elbow as from a nozzle. 
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Fig. 1. Erosion thickness loss measurements in a recirculating slurry 
loop testing A-53 mild steel elbows in a 30 ,,rt.9; coal-kerosene slurry. 

(XBL 7910-4249) 



In both elbows maximum erosion occurred at the 
middle point 1vhere the impingement angle was the 
greatest. 

In a subsequent test, 304 and 316SS had compara
ble thickness reductions. M1en the slurry vis-
cosity was increased by the wt.% of coal 
in the kerosene from 30 to wt. , the amount of 
erosion for 304 and 316SS was reduced by approxi
mately half. 

RESEARCH PLANS FOR CALENDAR YE!\R 1980 

The erosion behavior of additional materials, 
including some coatings on Jnild steel substrates 
will be detennined at several temperatures using a 
range of slurry variables. The data will be used 
to further develop the erosion rate prediction 
model. Extensive use will be made of the jet 
~npingement tester to direct slurries at flat 
surface specimens of several materials in a once
through mode for the eroding particles. The unit's 
slurry capacity has been increased by several times 
to penni t longer runs to be made. The slurry loop 
will continue to operate at ambient and elevated 
temperatures in a new flow passage design and 
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using specimens which can be disassembled readily 
to obtain mechanical thickness measurements of 
the aJllOLmt of erosive wear. 

1979 PUBLICATIONS AI'JD REPORTS 

Other Publications 

1. A. V. Levy, I. Cornet, and D. Abdollalmian, 
(Quarterly Report) January 1979, LBID-020. 

LBL Reports 

1. W. Tsai, J. A. C. Humphrey, I. Cornet, and 
A. V. Levy, "Experimental Measurement of Accelerated 
Erosion in a Slurry Pot Tester," LBL-10044. 

Invited Talks 

l. A. V. Levy, "Erosion-Corrosion in Coal Lique
faction Systems," Golden Gate Metals and Welding 
Conference, San Francisco, Calif., Feb. 1979. 

2. A. V. Levy, "Coal Liquefaction Alloy Test 
PrograJn," 3rd Annual Coal Conversion Materials 
Conference, Gaithersburg, lv!D, Oct. 1979. 



d. Oil Shale Retort Components* 

A. Levy and D. Whittle, Investigators 

Introduction. 'I11e corrosion of alloy and stain
less steels and aluminized type coatings exposed 
in in-situ oil shale retorting environments is 
being investigated. To elate ll simulated in-situ 
retorts and 2 unclergrow1d retorts have been util
ized to test 12 different steel alloy composi
tions and one steel coating material. 'I11e alloys 
have been exposed in these retorts to temperatures 
up to 1000 °C for time periods up to 80 hours. Both 
Antrim and Green River type shales were being re
torted at the time of the metal sample tests. The 
specimens were exposed directly in the shale beds 
near the location of moni taring thennocouple wells. 
To date, 160 specimens have been tested. 

1. CORROSION IN SIMULATED IN- SITU OIL SHALE 
RETORTS 

A. Levy and E. Elliott 

It has been determined that different alloys 
corrode in different manners and to different de
grees in high sulfur (3. antrim shale and in 
low sulfur (0.8%) Green River Shale. In tests 
with antrim shale in the LETC 10 ton retort, 18% 
reduction in metal thickness occurred in 347 
stainless steel eA~osed to temperatures above 
1500°F for exposure times of only 40 hours. In 
general, the corrosion of 300 series stainless 
steels observed in Green River shale exposures 
is markedly less than that which occurs when 
antrim shale is retorted. Figure 1 shows this 
difference on 310SS. Note the magnification 
difference in the two photos. However·, the lower 
chromiwn content 410 stainless steel corroded more 
than 347SS in the low sulfur Green River shale. It 
corroded less than 347SS in antrim shale. The 
morphology of the scale products and their chem
ical composition differed from alloy to alloy in 
antrim shale. 

'The higher chromium content alloys fonnecl some 
Crz03 as well as considerable iron and chromiwn 
sulf1des and iron-chrome sulfide spinels in layers 
while the lmver chromium content alloys only formed 
sulfides. Non- chromium containing alloys under
went extensive sulfidation. In Green River shale, 
the 300 series stainless steels only formed a 
protective Crz03 scale layer and no sulfides. Gen
erally, the Green River shale retort specimens 
were exposed to lower temperatures and times than 
the antrim shale retort specimens as well as to a 
lower sulfur content shale. 

A marked difference in the corrosive attack also 
occurred as the result of exposures to large and 
smaller oil content shales. Figure 2 shows 

* This work was supported by the Division of 
Planning and Systems Engineering, Office of Fossil 
Energy, U. S. Department of Energy. 
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Fig. 1. Scales formed on 310SS eA1Josed in simu
lated antrim (above, 200X) and Green River· (below, 
3000X) shale retorting operations. (XBB 7912-16283) 

specimens of 410SS exposed to a high (36 gal/ton) 
Green River shale (upper photo) and a lower (18 
gal/ton) shale in the same simulated in-situ retort 
run at LLL. The samples exposed to the richer 
shale were more heavily attacked and had a porous, 
single phase scale. A thinner, dense, two phase 
scale formed on the specimens in the leaner shale. 

J\luminide coatings formed a protective Al2o3 
scale on both stainless and low alloy steels and 
protected them from attack under all of the retort 
conditions and types of shale tested. See Fig. 3 
for 1018 mild steel. The underground tests con
ducted were not productive in establishing cor
rosion behavior patterns because of lack of control 
in their and difficulty in their re-
covery. 

-~ * * 
·!·Brief version of LBL-9906; to be presented at NACE 
Corrosion 80, Chicago, IL, March 1980. 



. 2. Scales formed on 410SS e)q)osecl in rich 
Green River Shale (above, 200X) and lean Green 
River Shale (below, 400X). (XBB 7912-16284) 

RESEARCH PlAI'~S FOR CALEI\JD/\R !'EAR 1980 

Sufficient knowledge has been obtained from 
specimen exposures in simulated in-situ retorts 
to develop a test program where specimens will 

be e:qJosecl in laboratory crucible tests 
using Green River and antrim shales with bulk 
gas over the shales that simulate 
retort concli tions. More controlled temperatures 
and times of the higher temperature, 
longer time that will occur in under-
ground be achieved in the 
crucible tests. 

Aclcli tional coating tests lvill be conducted on 
lmv alloy and stainless steels with the objective 
of finding the lowest possible cost combination of 
coating and alloy that can withstand Lmderground 
retorting environments. , coated and 
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Fig. 3. Scales formed on 1018 mild steel without 
coating (above, 320X) and with (below, 
320X). (XBB 7912-16285) 

uncoated, will be placed in underground retort 
tests as they become available. Tests will also 
be conducted in shale oil product material. 

1979 PUBLICATIONS AND REPORTS 

Invited Talk 

l. A. V. Levy, "Corrosion of Metals in Oil Shale 
Retorts,'' ASM WESTEC '79, Los Angeles, Calif. , 
tvlarch, 1979. 



e. and Morphology of Coal 

H. Heinemann, Investigator 

Introduction. TI1is project was funded only in 
JulyT9/9, and in its early months time and effort 
were concentrated on equipment procurement, 
staffing, and detailed planning. 

l. GENERATION AND CI-IHUSTRY OF 1 ,4- DEIIYDROBENZEI\'E: 
HYDROGEN TRANSFER TO REACTIVE ARQ\V\TIC FREE RADICAL 
sm:;st 

Thomas P. Lockhart and Robert G. Bergman 

.An important focus in present fossil fuel re
search pertains to the processes of hydrogen trans
fer. TI1e occurrence of hydrogen transfer in coal 
liquification processes is usually envisioned as 
taking place between a partially unsaturated 
species and a reactive molecule (particularly or-

radicals). In this process, hydrogen atom 
transfer from the unsaturated species is most 
important when aromatization of the unsaturated 
species results.l 

As a model for such hydrogen transfer processes, 
we have been examining both intra- and intermolec
ular hydrogen atom transfer reactions in p-benzyne 
(1,4-dehydrobenzene), a very reactive aromatic 
biradical.2 Scheme 1 outlines our mechanistic 
proposal for the reactions of a dipropyl substi
tuted p-benzyne intermediate (2). The biradical 
is generated from the pyrolysis of a diethynyl 
olefin, compound h· In gas phase flow pyrolysis 
experiments, three products 0, §, and D are 
isolated in quantitative yield. TI1e same products 
are obtained in high mass balance when compound 1 
is pyrolyzed in solution at 190°C in a solvent 
inert toward free radical !-!-atom abstraction 
[(l) = O.OlM in diphenyl ether, chlorobenzene or 
benzene]. In addition, several products are ob
served which appear to be derived from the combina
tion of radical intermediates with the aromatic 

Scheme 1. 

2 4 5 

I 

8 7 6 

* This was supported jointly by the Division of 
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Chemical Sciences, Office of Basic Energy Sciences 
and the Division of Advanced Research and Technology 
Development, Office of Fossil Energy, U. S. Depart
ment of Energy. 

solvent (ca. 5% total yield, identified by vpc/ms). 
Pyrolysis of b in alkyl-!-! solvents such 
as toluene, cumene or alkanes produces a ne\'' prod
uct, or tho -eli propyl benzene (8) , but the overaLL 
yield of ~' and z, and~ iS poor (ca. 40%). In 
this case pyrolyzed solutions are badly dis-
colored, which is suggestive of competing poly
merization reactions. \Ve have fow1d that a high 
yield of ~ can be obtained by performing the 
pyrolysis in an inert solvent to which has been 
added a good I-1-atom donor (1,4-cyclohexacliene or 
9,10-dihydroanthracene). In addition to product ~' 
several other products are observed which prcsuJ;J
ably arise from combination bet1veen radical inter
mediates and cyclohexadienyl radicals (caged 
produced by I-l-atom transfer to the reactive 
radical intermediates) . 111ese compmmcls have been 
identified by vpc/ms analysis, and are present 
ca. 1/3 the yield of product By 
percent of trapping agent in pyrolysis 
it is possible to increase the yield of 8 at the 
expense of the three w1imolecular products. These 
results are sturunarized in Table 1. 

By our proposed mechanism, p-benzyne is formed 
in a unimolecular cyclization step. In absence 
of trapping agent, this intennediate undergoes ring 
opening to diyne ~, which is stable under these 
conditions, or suffers 1-I a tom transfer from the 
alkyl side chains to produce rearranged biradicals 
4 and then 5. Biradical 5 has two low 
1nolecular pathways available 
radical combination to give or 
to give 6. In the present 1,4 
H-atom transfer occurs from the diene 
cal intermediates, 2, 4, and At moderate con-
centrations of trapping (greater than 5%), 
2 appears to be trapped appreciably before it can 
proceed to either ~ or ~· 

Present work is directed tmvarcl elucicbting the 
details of the proposed mechanism. We are using a 
deuterated trapping agent to determine 
uously the point of trapping of the intermediates 
in this reaction. Combining these results with a 
kinetic analysis may allow us to determine the 
relative rates of the various reaction 
TI1e results of these studies will be use 
understanding the behavior of the reactive spec.ies 
present in coal pyrolyses, since aromatic and alkyl 
radicals are believed to play a role, 
and "prearomatic" compounds (such as 
serve as hydrogen donors in a way that 
gous to that of 1, 5- cyclohexaLliene in our s tuclies. 3 

* * * 
]-
Supported in part by the National Science 

Fow1da tion. 
1. 13. M. Benjamin, E. W. Hagaman, V. F. Raaen and 
C. J. Collins, Fuel 58 386 (1979). 
2. R. G. Bergman, . Chem. Res. 6, 25 
3. R. J. Hooper, H. A. J. Battarcl and D. C. Evans, 
Fuel 58, 132 (1979); T. Gangwer, D. MacKenzie ancl 
S. Casano, J. Phys. Chem. 83, 2013 (1979); 
P. Bredael and T. 1-1. Vinh, Fuel 58, Zll (19 79) . 



Tc;blc 1. Pyrolysis of ~ 

Pyrolysis 
Con eli tions 

Gas phase a 

c6II5Cl Solution 

11 

" 

b 

1 4-Cyclohexa- b 
solution 

% Cyclo
hexadiene 
in solution 

0% 

59a 

10% 

100% 

8 

32 

21 

9.6 

7.5 

~l.O 

flow, contact time ca. 2. 2 min. 

2. Tl!ERMAL REACTIONS OF TETRALIN: A MODEL FOR 
!IYDROC;G\J TRAl\JSFER PROCESSE) OCCURRING DURING COAL 
PYROLYSIS AND LIQill':FACTION-, 

Paul B. Cornita and Robert G. Bergman 

Tetralin (1), a "partially hydrogenated" 
aromatic molecule, is an important model for mole
cules which act as both hydrogen donors and re
ceptors in coal. However, the theYlllal chemistry 
of tetralin is only poorly understood.l In an 
effort to improve this situation, we are studying 
the reactivity of tetralin (l) using several dif
ferent methods of energization. TI1e purpose of 
this investigation is to determine what differ-

if any, arise in the chemical reactivity 
molecule \vhen subject to chemical 

collisional activation, and infrared 
laser photochemical activation. 

01emical Activation. 111e highly strained mole
cule l, 1' -tetrametrry'CeilC bicyclopropenyl (2) was 
synthesized in three steps from 1,2-bismethylene
cyclohexane (3). We have studied the pyrolysis 
of this molecule and have obtained evidence for 
the of a chemically activated 
tetralin. The products of this rearrangement (see 
Scheme 1) are tetralin (1), benzocyclobutene (4), 
styrene (;?) and ~ (§); the ratio of these 
products is dependent upon the pressure at which 
the is run. TI1is pressure dependence 
shows that at high pressure (1 atm. N2) where 
collisional deactivation is competitive with chem
ical reaction, 2 75% of the prodtlct is tetralin. At 
low pressure, the major products are benzocyclo
butene and styrene (see Fig. l). These studies 
were carried out in a quartz flow pyrolysis reactor 
over a span of five decades in pressure. Analysis 
of the products was by capillary gas chroma
tography (see Fig. 2) 
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Collisional Activation. TI1e chemistry of 
theYlllally actlVated tetralin has been widely 
studied, clue to interest in its fate as a hydro 
gen donor in coal liquefaction processes.l Inter
estingly, most investigators report that the major 
thermal reaction of tetralin is loss of hydrogen, 
yielding 1, 2-dihydronapthalene (Z) and napthalene 
(§). lve have repeated these studies in our quartz 
flow pyrolysis reactor and get largely the same 
results. The product distribution varies somewhat 
with pressure, but at all pressures studied, the 
major products are clihydronapthalene and napthalene. 
Under vacuum flash conditions, the product distri
bution appears not to be dependent on the surface 
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Fig. 1. Pressure dependence of the products of 
pyrolysis of strained hydrocarbon 2 at 375°C. 

802-8035) 

to volume ratio. However, we believe the dehy
drogenation reaction is not a homogeneous thermal 
reaction but is in fact a surface-catalyzed pro-
cess.3 will be carrying out surface/volume 
studies in a quartz static pyrolysis reactor in 
order to monitor the kinetics of the decomoosition. 
We are also attempting to carry out the collisional 
activation experiments without surface effects 
by perfonning laser induced pyrolysis of tetralin. 
In these experiments, CO laser light is absorbed 
by a sensitizing gas (SiP~) which then collision
ally transfers its energy'to tetralin.4 

Infrared Laser Photochemical Activation. We 
haveusecl Tri.trarecl mul t iphoton ___ exd ta tfan as an 
al temate method of producing highly excited 
tetralin. In this method, initial excitation is 
vibrational rather than collisional. Exveriments 
consist of irradiating tetralin in the gas phase 
with a focused co2 laser and analyzing the products 
by gas chromatography. Photolyses were perfonned 
as a function of laser fluence to judge the effect 
of the up-pumping rate on competing ethylene-loss 
and loss reaction channels. At high 
fluences, of the dissociated tetralin forms 
dehydrogenation products. As fluence is decreased, 
the benzocyclobutene-styrene yield steadily in-
creases to 85%. These experiments evi-
dence for our hypothesis that the energy 
homogeneous chmmel for tetralin decomposition is 
loss of ethylene, and not dehydrogenation. 
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Fig. 2. Vapor phase chromatogram showing peaks 
clue to each of the products of vacuum flash 
pyrolysis of tetralin (!) at 763°C (analysis 
conditions: 250 ft x 1/16" open tubular column 
packed with OV- 17, temperature pro grmmnecl from 
100-120 C; 0.05 microliter sample size). 

(XBL 802-8034) 

* * * 
+ 'Supported in part by the National Science Founda-
tion. 
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A. Maccoll, and S. K.Wong, J. Chem. Soc. (B) 1733 
(1970). 
2. At 760 Torr. the collision frequency is 

1010 sec -1 based on a collision dimneter of 
9 for tetralin. 
3. T. Gangwer, D. lvlackenzie, and S. Casano, J. 
Phys. Chem. 83, 2013 (1979). 
4. K. J. Olszyna, E. Grunwald, P.M. Keehn, and 
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RESEARCH PLAI'lS FOR CALENDAR Yf::'AR 1980 

1. SELECTIVE SYNTHESIS OF GASOLINE RPu\JGE 
COMPONENTS FROM SYNTHESIS Gi\S 

A. T. Bell and Heinz Heinemann 

Preparation of a series of iron catlysts sup
ported on Alz03 and promoted with potassium in 
different ratios. Surface and compositional 
analysis of the catalysts and testing of them for 
the conversion of CO+I-lz in a slurry reactor. In
vestigation of the effect of shape selective 
catalyst components on product distribution. 

2. ELECTRON MICROSCOPE STIJDIES OF COAL DURING 
H'{DROGENATION 

J. W. Evans and Heinz Heinemann 

Reaction of single crystal graphite with pre
detemined gas mixtures in the environmental cell 
of a 65 kV electron microscope. Morphological 
changes of the graphite at different temperatures 
and pressures will be observed while chemical 
products will be identified in a mass spectrometer 
attached to the cell. Reactions will be studied 
in the presence and absence of catalysts and will 
be extended to coals of high crystalline character. 

3. CATALYZED LOW TBlPER-1\TURE HYDROGENATION OF COAL 

G. A. Somorjai and I-l. Heinemann 

Transition metal catalysts will be deposited on 
a coal surface. Hydrogenation or steam-carbon 
reactions will be carried out on these samples at 
low temperatures (150-400°C). Catalyst-coal 
surface changes will be observed at various 
stages of reaction by means of a low pressure-high 
pressure apparatus, pennitting the analysis of the 
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surface structure and surface compos1t1on of 
reactants and catalysts. Surface science tech
niques such as Auger and photoelectron spectroscopy 
will be applied. 

4. SELECTIVE HYDROGENATION, HYllROGENOLYSIS AND 
ALKYLATION OF COAL f'll\JD COAL LIQUIDS BY ORGN.JO
METil.LLIC SYSTH·!S 

K. P. C. Vollhardt and Heinz Heinemann 

Study of novel transition metal catalysts, capa
ble of cleavage of carbon-carbon and carbon-hetero
atom bonds with concomitant reduction. Application 
of findings to selective coal depolymerization, hy
drogenation and liquefaction under mild concli tions. 

5. CHEMISTRY OF COAL SOLUBILIZATION A\TD 
LIQUEFACTION 

R. G. Bergman and Heinz Heinemann 

This study will concentrate on the hydrogen 
transfer from donor molecules such as tetralin to 
condensed aromatic coal-like moelcules. Both ther
mal and catalytic mechanisms will be investigated 
with the ultimate objective of a catalytic donor 
mechanism at lower temperatures than are used in 
current practice. 

6. COAL CONVERSION CATALYSTS- DEACTIVATION STUDIES 

A. V. Levy, E. E. Petersen, and Heinz Heinemann 

Cobalt-molybdena-alumina catalysts will be aged 
by metal deposition under controlled conditions and 
a mechanism for scale fomation on spent catalysts 
will be defined. Porosity and diffusion measure
ments will determine whether the scales form a 
diffusion barrier. 
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Advanced Isotope Separation Technology 

a. Laser 

C. Bradley Moore, Investigator 

Introduction. There have been two significant 
advances made in projects supported by this program. 
The use of a continuously tunable IR source has 
made it possible to study multiphoton dissociation 
yield spectroscopy. This yields valuable informa
tion on the MPD excitation mechanism and allmvs 
the prediction of dissociation yields and isotopic 
enrichment factors based on linear spectroscopy 
data. The effect of electric field on single 
rotational level lifetimes in sl formaldehyde has 
been studied. Important infonnation on 
and distribution of levels in the high lying 
vibrational states of the electronic level 
is obtained. These two pieces of 1vork are 
described succinctly in the following sections. 
War k on multiphoton excitation of fonnaldehyde 
has been progressing. The lack of spectroscopic 
data on highly excited vibrational levels prevents 
a detailed analysis of this system at 
present. Use of IR MPD to probe reaction 
pathways of moderately sized compow1els is 
also being demonstrated. 

l. 3. 3 )Jlll !v!ULTIPllOTON DISSOCIATION 

I-lai-Lung Dai and A. H. Kung 

Isotope separation has been one of the most 
important applications of TR multiphoton dissocia
tion (tviPD). Inrichments of about a dozen elements 
have been achieved. The most impressive one is 
the of deuterium where the enrichment 
factor is as large as 104. A pilot plant is in 
operation for l3c separation by cr:3x (X = Br, I) ~'IPD. 
Very rece~tly, enrichment of U isotopes \Vas 

To achieve more efficient separation as well as 
to improve the theoretical understanding of ~!PD, 
the process needs to be explored in detai 1. 1\~1at 
is the multiphoton excitation mechanism? How does 
one decide what or types of molecules will 
undergo i'>!PD? different excitation mechanisms 
result from differcmt molecular properties? t\~at 
are the dynamics of unimolecular dissociation 
during and after excitation? 1\~at is the role of 
collisions in excitation and in dissociation? With 
a tunable 3. 3 )Jlll laser source, ~IT'D of ethyl chlor
ide by the CII stretching modes is s tudiecl 
to provide answers to some of these questions. 

*This \vork \vas supported by the Division of 
Advanced Nuclear Systems and Projects, Office 
of Advanced Isotope Separation, U. S. Department 
of 

The /IIPD spectrum in the C-H fundamental region2 
exhibited strikingly different features from 10 )lm 
~'!PD, . l. Resonances in Tv!PD yields match the 
position and shape? of peaks in the fLmdamental, 
as narrow as 0.4 cm-1, and in the first- and 
second-overtone spectra. These facts strongly 
indicate that transitions within the discrete 
region and thereafter to the quasicontinuwn are 
resonant in nature. Since CH stretching anharmo-
nici ties, usually about 50 cm-1, are than 
vibration-rotation widths and much larger than 
power broadening at /IIPD intensities, the mechanisms 
established for anharmonic compensation in SF6 
cmmot operate for ethyl chloride. I-lovvever, the 
existence of five Cf-1 stretching modes with similar 
frequencies provides a resonant pathway for exci
tation. 

The resonant nature of the excitation enables 
us to extend the rate equations description for 
transitions in the quasicontinuous and continuous 
regions .to include the discrete levels. Coherence 
effects should be relatively w1important. A 
computer program used by Grant et al.3 based on 
the rate equation model was modified for this 
calculation. Absorption parameters used in the 
calculation are estimated from linear spectra 
obtained by ordinary ir spectroscopy. tviPD yields 
and other characteristics can then be calculated. 
M1en a set of constant or slowly decreasing cross 
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Fig. l. Relative dissociation yield, Wc1, and 
linear absorption spectrum, A01 [Nicolet 7199 
Fourier-transfonn infrared (FfiR) spectrometer with 
l cm-1 resolution, 22 Torr c2H5Cl, 10 em 
length] vs. frequency. Points denoted by filled 
circles were measured at the peaks of absorption 
lines. 1\vo filled triangles, were taken 
in valleys. resonance, open circles, is 
shmm enlarged with an absorption spectrum at 
0. 24 cm-1 resolution. Two points near 2977 cm- 1 
show sharp structure in a P-branch. (XBL 791-173) 



sections for absorptions in the quasi-
continuum is clissociation yields are obtained 
which are in excellent agreement with 
data, Table l. 

The experimental fluencc dependence of absorp
tion (measured by the optoacoustic method) and 
yield can be reasonably reproduced by the calcu-
lation. One of the most results is the 
pressure of yield decreases 
by nearly a factor of two between 0.25 and 2 Torr 
and only about 10% decrease from 2 to 6 Torr, 

. 2. By using the strong collision assumption 
for the molecules excited above the dissociation 
limit and by assuming RRI\lll rates for dissociation, 
the pressure depenclence curve is calculated and is 
show1 to match semi-quantitatively with the 
measurements. 

Table 1. Calculated and measured ethyl chloride 
~IPD yields at selected frequencies. 
Laser fluence at l.l J/cm2. 

\!laser 
(cm-1) 

abs. 
0:9,,9,+1 

( 9, ;;, 2) 

2976.6 

30 

5 

2.5 

1.7 

2943.B 2913 

13 11 

5 5 

2.5 2.5 

2.1 1.2 \lid, cal.(%) 

\Vel, expt. (%) 1.8±0.2 1.8±0.2 1.3±0. 2 
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Fig. 2. Lthyl chloride pressure dependence of /IIPD 
yield at l.l J/cm2 fluence. Points (<I>) show 
exverimertal results. Solid line is from rate 
equation calculation with RJW·I dissociation rate 
and strong collision assumption. (XBL 802-8022) 
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The ethyl chloride demonstrates clearly 
the importance of structural and spectro-
scopic properties of molecules for TF1\lPD. 1111ile 
it is probable that the are quite similar 
for all molecules in the quasicontinuum and the 
continuum, it should be expected that the great 
variety of molecular in the discrete 
region will yield a correspondingly great variety 
of lVIPD phenomena. These experiments on 
chloride and experiments w1der on dz- formalde·· 
hyde probe the small molecule of multiphoton 
dissociation dynamics. 

l. S. S. Miller, D. D. Deford, T. J. Marks, and 
E. Weitz, J. Am. Chem. Soc. 101, 1036 (1979); 
D. M. Cox, F. B. Hall, J. A.Horsley, G. /11. Kramer, 
P. Rabinowitz, and A. Kaldor, Science 205, 390 
(1979). --
2. H. L. Dai, A. H. Ktmg, and C. B. Moore, 
Rev. Lett. 43, 761 (1979), LBL-8767. 
3. E. R. Grant, P. A. Schulz, Aa. S. Sudbo, 
Y. R. Shen, and Y. T. Lee, Phys. Rev. Lett. ~Q, 
115 (1978). 

2. SINGLE ROTATIONAL LEVEL LIFETIME OF s 1 
FORMALDEHYDE: ELECTRIC FIELD EFFECrst 

J. C. Weisshaar 

The collision- free fluorescence lifetimes of S1 
I-lzCO have been shm,~l to vary from 66 nsec to 4. 2 
psec with rotational state within the 40 vibrational 
level.l Further single rotational (SRL) lifetime 
m~asurements on 41 I-I2CO sho\v larger fluctua-
tlons from 20 nsec to 3.1 ]JSec. All but the 
longest lifetimes are dominated by a fast, colli
sion-free non-radiative process \vhich is apparently 
S1 -> So + I-lz + CO predissociation. Each Sl SRL 
interacts with a sparse manifold of broadened s 0 
levels. The unusual fluctuations of decay rate 
with J' and K' arc clue to variations in S1·So 
couplings Vs9,• s 0 widths r9,, and s 1-s0 energy 

Os£· 

Confirmation of these ideas has come from the 
new technique2, 3 of the s 1 SRt fluore ·· 
scence decay in the presence of small, uniform 
electric fields of 0 4.6 kV/cm. The field has 
a completely neg1igible effect on the coupl 

Since the S1 and So dipole moments are 
(1.56 D and 2.33 D, respectively), the 

field can smoothly vary the relative spacings o [ 
the S1 level excited and the So levels to which 
it is coupled. Changes of at least a factor of 
four have been observed in fluorescence rates 
in the presence of the electric field. For a 
first-order Stark effect in both S1 and So, the 
quantity (Pso-Ps )E is 1.3 xlo-5 cm-1 per (V/cm), 
so that the relahve shift L\pEKM/J(J+l) is at most 
0.06 cm-1 for the fields employed. 

1 shmvs the 
fluorescence Lifetime 
41 H2co 1vi th 

oF the average 
, K'=4 level of 

applied voltage. (Field 



can be obtained bv clivicl each voltage 
em, the electrode gap.) The longest clecav 

component li f'etime increases !rom 25 nsec to ~ 100 
nsec. ln other examples the average 1 i letime 
decreases or remains constant, depending 
on the local So level structure ne~1r sl level. 
Figure 2 shmvs plots of the the 
M-averagecl fluorescence 1 i retime obtained For the 
same J'~4, K'~4 case and ror the .J'~l:S, K'~2 case 
by nuorescence vs. time 

former case, the decrease in 
average lifetime is clear. In the latter case, 
a very narrow resonance shc1pe is observed, perhaps 
indicative of a So level into and 
then out of resonance with the s1 1 There 
exists So levels ,,,iclely spaced compared with their 
widths. 
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rR3(3) ~xcitation of 40 H2CO for various 
applied Stark vol tagcs. Note the lengthening of 
the mean decay time as the field increases. 
Voltages can be converted to field strengths 
dividing by 1.29 em. (XBL 798-
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. 2. Plots of the of the ~!-weighted 
average lifetime vs. applied electric field for 
two different H2co 41 SHL's. (XBL 802 8023) 

In favorable cases, quantitative information 
about the couplings and the So widths can 
be derived from these experiments. No other 

estimates of vs'X, and r'X, have been 
available to elate. These parameters arc crucial 
For theoretical calculations of the non-radiative 
decay rate of~S 1 . Preliminary estimates 
Vs9.,'s of ~10-,) cm-1 and r9.,'s of ~s xlo-4 cm
(corresponding toTs ~ 10 nsec). These are in 
good agreement \vi th Qecent thcon;tical cs tima tes 
of Vs'X, (Ref. 4) and the So+ !Iz +CO twmeling rate 
r£. :, Further at higher energy in S1 
and on other will vielcl detailed informa-
tion about the of the' cont inutun of broadened 
So levels. 

* * ;:.; 

ci·Brief version of LBL-10182 and LBL-10183. 
1. J. C. Wcisshaar and C. B. IV!oorc, .J. Chem. Phys. 
70 5135 (1979), LBL-8766. 

J. C. Weisshaar and C. B. Moore, J. Chem. Phys., 
to be published, LBL-10182. 
3 . .J. C. Weisshaar and C. B. Moore, .J. Chem. Phys., 
to be published, LBL-10183. 
4. M. L. I'lert, Ph.D. dissertation, U.C. Berkeley, 
1978. 
5. \\'. H. Miller, J. Am. Chem. Soc., November 1979, 
LBL-8649. 

RESEARCH PU\i\JS FOR 0\LENDAR YEAR 1980 

The fw1damental mechanism of IR multiphoton 
dissociation and the relations among structure, 
spectra and MPD dy11amics will continue to be 
studied. EA.yeriments on DzCO arc helping to define 
the small molecule limit for MPD. The role of 
collisions in excitation through the discrete 
levels is probed by the pressure dependence of IR 
fluorescence and dissociation yield. Competition 
between dissociation channels Dz + CO and D + DCO 
is monitored. Ultraviolet excitation of the 
excited singlet state followed by internal 
conversion will allow the IH absorption cross 
section tn the quasicontinuum at a specific total 
energy to be measured. Detailed dynamic calcula
tions can then be made using the a priori potential 
surface from II. F. Schaefer's group ancl the 
twmeling rates from llliller' s group. Spectral 
studies of the type carried out for c2I-I5Cl will 
define the transition from discrete to quasicontin
uous levels for medium size molecules. These 
results 1vill tie together with those from 
overtone spectroo;copy Selective 
of thts Annual Report). The comparison of 
pyrolysis in a reactor, to homogeneous gas phase 
laser-induced pyrolysis (no walls), to collision
free 1-'ll)D 1vill be studied for larger organic systems 
such as tetralin. 

Chemical reactions of single-photon selectively 
excited molecules are also of interest [or laser 
isotope Iodine monochloricle is being 
excited he vibronic states. Its chemical 
reactivity in collision with hydrogen, cleuteriLnn, 
acetylene, and other reagents is being studied. 
The kinetics of the reactions will be determined. 



The ICl + Ib has been shmm to be a bimolecu-
lar reaction 1vhich no radicals are involved. It 
is an ideal svstem for studying the chemical reac-

o [ electronically excited molecules ,,. ith 
potential application [or chemical purification and 
isotope separation. 

1979 PUBLIC\TTOli:S A\JD REPOHTS 

Hefereecl Journals 

t1. J. C. Weisshaar, A. P. Baronavski, A. Cabello, 
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Relaxation, Intermediate Case Quenching or S1 
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LBL-7607. 

D. J. Douglas and C. B. llloore, "Vibrational 
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J. Chem. Phys. ZQ, 1769 (1979), LBL-82n. 

'h. C. -C. Mei and C. B. f.loore, "The1lllal Rate 
Constants, Energy Dependence, and Isotope Effect 
for Halogen-Hydrogen Halide React.ions," J. Chem. 
Phys. 70, 1759 (1979), LBL-8209. 

:j:4. \\'. C. Natzle, and C. B. Moore, 
"Zero Pressure and Fluorescence Quenching 
of IC1(A3n 1) ," J. Chem. Phys. 70, 4215 (1979), 
LBL- 84 7 5. 

t5. J. C. 1Veisshaar and C. B. Moore, "Collision
less Non-Radiative Decay Hates of Single Rotational 
Levels of SJ Formaldehyde," J. Chem. Phys. 70, 
5135 (1979), LBL-8766. 

t·6. 11.-L. Dai, A. H. KLmg, and C. B. Moore, 
"Resonant /vlultiphoton Dissociation and Mechanism 
of Excitation for Ethyl Chloride," Phys. Rev. 
Lett. 43, 761 (1979), LBL-8767. 

Other Publications 

1. 1\. H. KLmg, H. -L. Dai, M. R. Bennan, and 
C. B. Moore, "Resonant /vlultiphoton Dissociation 
of Small Molecules," in Proceedings of the Fourth 
International Conference on Laser Spectroscopv, 

, West Gennany, Jw1e 1979, LBL-9782. 

2. J\. H. Kung and 1!.-L. Dai, "Resonant Multiphoton 
Dissociation of Etlwl Chloride at 3. 3 ]Jm," in 
Proceedings of the Electro-Optic Conference, 
Anaheim, CA., October 23-25, 1979, LBL-9988. 

LBL Reports 

-t-1. J. C. Weisshaar and C. B. Moore, "Electric 
Field Dependence of Collisionless, Single Rotational 
Level Lifetimes of s1 HzCO," submitted to J. Chem. 
Phys., LBL-10182. 

J. C. Weisshaar and C. B. il·loore, "Isotope, 
Electric Field, and Vibrational State Dependence 
of Single Rotational Level Lifetimes of S1 Fonnalde
hyde," submitted to J. Chem. Phys., LBL-10183. 
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J. C. 1\'eisshaar, "\!on-Radiative Dccav ol 
Single Rotational States of S1 formalclehvcle," 
LBL-10233. 

Invited Talks 

the \!ational Science 

bv the U. S. Army Research 
\!C. 

l. C. Bradley Moore, "High Resolution illultiphoton 
Dissociation and Photophysics of Formaldehvcle," 
University of Colorado, Joint Institute for 
Laboratory , Boulder, CO. 

2. C. Bradlev Jvloore, "Formaldehyde Photophvsics, '' 
Allied Chemical illaterials Research Center, Morris
tmm, NJ. 

3. C. Bradley Moore, "High Resolution Multiphoton 
'' Exxon Research and Co . , 

Linden, NJ. 

4. C. Bradlev Moore, "Laser Isotope Separation," 
Phvsical Science Society of Shanghai, Shanghai, 
Ch.ina. 

5. C. Bradley illoore, ''Mul tiphoton Dissociation'' 
and "Laser Photochemistrv Research at Berkeley," 
Institute for ]l!olecular Science, Okazaki, Japan. 

6. C. Bradley Moore, "Vibrational Photochemistrv" 
and "Fonnaldehyde Photochemistry," Symposil.un ;n ' 
Applications of Lasers to Chemical Reactions, 
Okazaki, Japan. 

7. C. Bradley Moore, "Laser Isotope Separation," 
Institute for Physical and Chemical Research, 
Tokyo, Japan. 

3. C. Bradley Moore, "Photophysics and Photochem
istry of Fonnalclehycle," Tohoku University, Senclai, 
Japan. 

9. C. Bradley Moore, "Laser Isotope Separation," 
Osaka University, Toyonaka Campus, Osaka, Japan. 

10. C. Bradley illoore, "!ligh Resolution Lifetime 
Measurements and Photoplwsics 0 r Fonnalclehvcle 'II 
Photodissociation of Polyatomic Molecules Meeting, 
Veldhoven, !lolland 

11. A. I!. KLmg, fourth lnterna ti onal Conference 
on Laser Spectroscopy, , West Gcnnany ~ 
Talk. 

12. A. II. Kung, CNRS, Orsay, France~ Seminar. 

13. !\. II. Kw1g, El 
Anaheim, CJ\ Talk. 

79 Conference, 

14. A. H. , Sandia Laboratories, Livennore, 
CA ~Seminar. 



b. Molecular Beam laser Isotope Separation* 

Y. T. Lee and Y. R. Shen, Investigators 

1. IDENTIFICATION OF PRIMARY PRODUCTS IN ~·!ULTI

PHOTON DISSOCIATION OF CF3CDClz 

D. J. Krajnovich, F. Huisken, Z. 
Y. R. Shen, andY. T. Lee 

Recent studiesl have shmm the con~!ound CF3CHClz 
to be a promising candidate for laser separation of 
cleuteriwn. Highly selective absorption occurs in 
CF3CDC12 near 10.2 \1 and 10.6 \1, and a sin.Q;le-sten 
deuterium enrichment factor of 1400 has been 
obtained in gas cell experiments where the dominant 
photoproduct is trifluoroethene (CFzCPD). CPzCFCl 
and CF3CC13 are also produced to a lesser extent. 
These products are evidently the result of a Cl 
atom chain reaction initiated by the collisionless 
multiphoton dissociation of CF3CDC1z to form 
CF3CDCl + Cl. Hmvever, it is difficult to identify 
unambiguously the primary products in a high
pressure gas cell experiment. 

\Ve l1ave collaborated with Marling and Herman of 
Lawrence Livermore Laboratory to study the multi
photon dissociation of CF3CDClz in a crossed 
laser-molecular beam experiment. \Ve had hoped to 
measure the relative importance of the two lowest 
dissociation charmels: C-Cl bond rupture, and 
three-center elimination of D-Cl. Sekhar et al. 2 
deduced an activation energy of 63.1 ± 3. 8 kcal/mole 
for the three-center elimination process, although 
their analysis ,,,as complicated by chain reactions 
initiated by the parallel Cl atom elimination 
channel. The C-Cl bond strength in CF3CDClz is 
not accurately knmm, but is probably bet1veen 
70 and 80 kcal/mole. 

In our experiment, CF3CDClz held at a tempera
ture of -33°C was seeded· in heliwn to a total 
pressure of 150 Torr, and expanded through a 
0.004" diameter quartz nozzle. A Gentec DD-250 
co2 TEA laser was tuned to 944 cm-1 and focused 
to an energy fluence of ~9 J/cm2 at the interaction 
region. Products were detected by a rotatable mass 
spectrometer detector as previously descr1bed.3 
Under these conditions, essentially no IJ3icl+ 
signal could be detected. Signal was observed at 
masses 35 and 37. Since HCl fragments to form 80-
90% l!Cl + in the ionizer, it appears that the mass 
37 product comes solely from the atomic elimination 
of chlori.ne and not from D35cl. At 8 = 10° from 
the molecular beam, the ratio of mass 39 to mass 
37 signal was 

r ( ~~) 0.061 ± 0.058 

where the listed uncertainty is two standard devia
tions. From this we conclude that less than 10~: of 
the CF3CDC12 molecules Hhich dissociate yield 
c2F3Cl + DCl. The angular distributions of the 

*This work \vas supported by the Division of 
Advanced Nuclear Systems and Projects, Office 
of Nuclear , U. S. Ilenartment of Energy. 
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dominant products, CF3CDCl + and Cl +, arc sho1111 in 
Fig. l. \l~1y do we observe only the Cl elimination 
channel even though the DCl elimination is signif
icantly lower (or at best comparable) in 

In general, the irradiated molecules continue 
to absorb IR photons until the dissociation rate 
becomes comparable to the excitation rate clue to 
the laser field. For small molecules and molecules 
1vith very low dissociation energies, the dissocia
tion rate increases very rapidly with excess energy 
and the molecules can only absorb one or a fsw 
photons beyond the dissociation level before they 
fall apart. In such cases only the lowest dissoci
ation channel is actually observed.3 For large 
molecules, hmvever, the dissociation rate i:1creases 
only gradually Hith excess energy and the molecules 
may be excited well above the thresholds of two 
(or more) dissociation channels. Then, competition 
between the various open channels is possible. 
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Fig. 1. Angular distributions of the products of 
the reaction CF3CDClz ~ CF3CDC1 + Cl. 

(XBL 7911-12914) 



Since the pre-exponential factor is much larger 
for an atomic elimination compared to a three-center 
elimination, the rate of Cl elimination from 
CF3CDClz Hill grmv faster with excess energy than 
the rate of DCl elimination. Asstuiling energy 
thresholds of 63 and 75 kcal/mole for the DCl and 
Cl eliminations, respectively, RRKJII calculations 
indicate that the rate of Cl elimination does in 
fact "catch up" with the rate of DCl elimination 
at excitation energies around 120 kcal/mole. from 
the observed angular and time-of-flight distribu
tions of the CP3CIJC1 and Cl products, we conclude 
that the molecules absorb, on average, around 10 
photons beyond the C-Cl threshold, corresponding 
to excitation energies of only 100 kcal/mole. 
At this level of excitation, the DCl elimination 
rate is calculated to be four times the Cl elimina
tion rate, which is inconsistent with the experi
mental results. 

However, if the energy thresholds of the two 
channels are assumed to be equal (70 kcal/mole), 
the RRKM calculation predicts that the Cl elimina
tion is 25 times faster than the DCl elimination 
for excitation energies around 100 kcal/mole. 
It therefore seems likely that the activation 
energy for DCl elimination determined by Sekhar 
et al. is too low and/or that the C-Cl bond is 
unusually weak in CF3CDClz. 

Aclmowledgment. We thank Jack Marling and 
Irving Herman at Lawrence Livennore Laboratory 
for providing the sample of CP3CDC12. 
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2. HJLECULAR ELif>UNATION Of Clz I\J MJLTIPHOTON 
DISSOCIATION OF CFzClz 

D. J. Krajnovich, F. I-Iuisken, Z. Zhang, 
Y. R. Shen, and Y. T. Lee 

Infrared multiphoton dissociation of CF2Cl 2 has 
received a lot of attention in recent years. This 
molecule has two dissociation channels \l'ith nearly 
the same endoergicity: 

CF 2Cl + Cl L\H 78 kcal/mole 

CF 

----CF + 2 Cl
2 

L\H 74 kcal/mole 

The energy threshold for the molecular elimination 
is expected to be somewhat larger than its endo
ergicity, since a barrier probably exists for the 
reverse reaction. 

In a previous crossed laser-molecular beam 
experiment,l only the atomic elimination was 
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observed, and an upper limit of 10% was placed on 
the fraction of molecules via the 
molecular elimination channel. J\n energy fluence 
of 3-5 J/cm2 was used in this experiment. However, 

and Stephenson2 have estimated that about 15% 
of CFzClz molecules \vhich dissociate yield 
CF2 + Clz for energy fluences in the range 1.5 
J/cm2. They used the laser induced fluoresce•~e 
technique to measure the initial internal 
distribution of the ground electronic state 
fragments produced in multiphoton dissociation of 
CFzCb. In addition, an optical time-of-flight 
techn1que was used to estimate the average kinetic 
energy of the nascent CFz photofragments at 
1.5 ± 0.5 kcal/mole. The Clz product was not 
monitored in this experiment. 

There is additional support for the Clz elimina
tion mechanism. Using a beam sampling mass spec 
trometer and energy fluences between 10 and 140 
J/cm2, Hudgens3 has measured the branching ratio of 
Cl vs. Clz formation to be greater than 33:1. 
~Iorrison and Grant4 measured the CFzCl: 
ing ratio over a fluence range of 0. 5 - 5 in 
a gas cell scavenger exveriment. They found that 
the CFz + Clz channel comprised only 4% of the 
total dissociation vield at 6 J/cm2 and that this 
percentage increased as the energy fluence was 
lowered. This is not surprising, since the rate 
constant for the concerted molecular elimination 
is expected to increase less steeply with excess 
energy than that for the atomic elimination. Thus, 
harder laser pumping will tend to favor the Cl 
elimination channel. As the fluence was lowered 
further, the CFz yield passed through a ma>cimtun 
(around 7% of the total yield) and then decreased. 
At the maximum, the fractional conversion per shot 
was less than 1%. From this behavior at low 
fluence, Morrison and Grant conclucled that the 
threshold for Clz elimination (endoergicity plus 
barrier) must be slightly higher than that for C-Cl 
bond rupture. This implies an exit barrier of at 
least 4 kcal/mole. 

Equipped with a high repetltlOn rate COz laser, 
vve decided to reinvestigate the multiphoton clisso 
ciation of CFzC1 2 by the crossed laser-molecular 
beam technique. We hoped to obtain the following 
information: 1) The ammmt of translational energy 
released in the molecular elimination reaction and, 
therefore, a lower bound on the height of the exit 
barrier. 2) An accurate branching ratio. 3) 
The dependence of the branching ratio on laser 
energy fluence. 

Pure CF2c1 2 was run through a 0.004" diameter 
quartz nozzle heated to 180°C at a stagnation 
pressure of 200 torr. A Geniec DD-250 CO TEA 
laser was tun1ed to 1083 ~m- and focus sea to an 
energy fluence of ~4 J/cm at the interaction 
region. Products were detected by a rotatable 1 mass spectrometer detector as described previously. 

The angular distributions of the products of 
the atomic elimination cham1el are shm,'ll in Fig. 1. 
The angular distributions of CFCl+ and CF2+ were 
found to accurately coincide with . ·The ob-
served Clz+ signal was 100 times lower than the cJ+ 
signal at 8 = 5° from the molecular beam (only 
~0.04 counts/shot). This explains why the CFz+ 
angular distribution deviates negligibly from those 
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Fig. 1. Angular distributions of the products of 
the Cl atom elimination channel. (XBL 7911-12912) 

I 

of CFzCl+ and CFCl+. The time-of-flight spectra of 
CF2c1+, cl+, nad Clz+ obtained ate= S0 are com
pared in . 2. The CF2Cl and Cl products are 
peaked around the center-of-mass beam velocity, 
which is a characteristic result of statistical 
translational energy distributions in the absence 
of exit channel effects. The Cl2 product, on the 
other hand, has a peak velocity nearly twice that 
of the CFzC12 beam, confirming the presence of an 
exit channel barrier. A rough preliminary calcula-
tion indicates that is fanned with an average 
of ~2.1 kcal/mole translational energy, which by 
momentum conservation leaves the CF2 partner with 
~2. 9 kcal/mole. This is nearly twice King and 
Stephenson's result. This also indicates that 
the height of the potential barrier in the exit 
channel is at least S kcal/mole (and possibly 
quite a bit more), which is already sufficient 
to raise the CF2 + c1 2 threshold above that for 
CF2Cl + Cl. 

With some reasonable asstunptions concerning the 
relative ionization cross sections of c1 2 and Cl 
and the fragmentation of Cl 2 in the ionizer, it 
should be possible to calculate the total relative 
yields of the c1 2 and Cl products (and hence the 
branching ratio) from the laboratory angular 
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Fig. 2. Time-of-flight spectra of CFzC1+, CJ+ 
and c1 2+ obtained ate= S0 in the laboratory. 
The arrow marks the time corresponding to 
the peak molecular beam velocity. The flight 
path 1vas 22 em. (XBL 7911-12913) 

distributions and time-of-flight spectra. Wl1ile 
this has not yet been carried out, the Cl :Cl 
branching ratio will certainly be substantially 
larger than the measured 1% laboratory Cl 2+:cl+ 
product ratio because the Clz is scatterea into 
a much wider angular range (in the lab) and the 
ionization efficiency is smaller for the faster 
Cl 2 product. 

Finally we investigated the dependence of the 
c1 2+:c1+ r~tio on laser energy fluence. As 
e2c'Pected, this ratio increased slightly as the 
energy fluence was lowered. However, we could 
not go to low enough fluence to observe the 
subsequent decrease in the Clz:C1 ratio reported 
by Morrison and Grant. 
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3. COMPETING DISSOCIATION OiANNELS IN llflJLTIPHOTON 
DISSOCIATION OF ETHYL VINYL ETHERt 

D. J. Krajnovich, F. Huisken, Z. Zhang, Y. R. Shen, 
and Y. T. Lee 

Infrared multiphoton excitation is an elegant 
means of preparing vibrationally excited molecules 
for studies of unimolecular reaction d)~amics. 
Most of the reactions which have been studied by 
this method fall into one of three categories: 
(1) SL~ple bond rupture reactions, in which the 
weakest chemical bond is broken; (2) isomerization 
reactions; (3) three- and four-center elimination 
ractions, in which a diatomic molecule is released. 
For larger, more complex molecules, other 
possibilities arise. The thermal decomposition 
of many unsaturated aliphatic ethers proceeds 
through a concerted transition state to produce 
an aldehyde and an alkene. Here we will focus 
on ethyl vinyl ether (EVE). 

Wang and Winklerl found that EVE decomposes 
around 400°C to give acetaldehyde plus ethylene 

EVE + CH3CHO + C2H4 LlH = 6 kcal/mole (1) 

at a rate given by k = 4·1011 e- 44000/RT. They 
also found evidence for a minor free radical 
pathway, which is probably given by 

6H = 54 kcal/mole (2) 

The activation energy for channel (2) is estimated 
to be 60 kcal/mole, although this number has 
large uncerta~nty. Using radioactive tracers, 
Molera et al. proved that reaction (1) involves 
a hexagonal transition state. 

Rosenfeld et al.3 studied multiphoton dissocia
tion of EVE at pressures between 5 and 440 Torr 
where the reaction is mainly collisional in nature. 
With an unfocused laser beam only acetaldehyde 
and ethylene were observed, but with a focused 
beam comparable amounts of ketene, ethane and 
butane were formed, in~icating competition from 
reaction (2). Brenner also studied multiphoton 
dissociation of EVE and found a different branching 
ratio when laser pulses of different durations 
(0.2 and 2 ~s) but constant energy fluence were 
used. With the 2 ~s pulses only the lower energy 
dissociation channel was observed. ~Vith the 0.2 
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~s pulses, reaction (2) \vas found to dominate 
over reaction (1). These observations were inter
preted as evidence of mode selective decomposition 
due to slow intramolecular energy transfer. 

These reports of competition between reactions 
(1) and (2) prompted us to study multi photon dis
sociation of EVE by the crossed laser-molecular 
beam technique. We were also interested in 
finding out the amount of excess energy released 
as product translational energy in both the con
certed rearrangement reaction and the simple C-0 
bond rupture reaction. The e:A.rperimental conditions 
were as follows. EVE held at -33°C was seeded in 
helium to a total pressure of 320 Torr and expanded 
through a 0.004" diameter quartz nozzle which was 
heated to 300°C to enhance multiphoton absorption. 
A gente~ DD-250 C02 TEA laser was turned to 
1041 em 1 and focused to an energy fluence of 
~r. 5 J/cm2 at the molecular beam. Products were 
detected by a rotatable quadru~ole mass spectra· 
meter as described previously. 

Serious problems arise in the identification of 
the dissociation products due to fragmentation in 
the ionizer. Significant signal was observed at 
masses 43, 42, 41, 29, 27, 26, 25, 15 and 14. 
By observing the ion signal as a function of time 
after the laser pulse it is possible to gain a 
partial understanding of the reactions occurring. 
Time-of-flight spectra of masses 43, 42 and 26 
are shown in Fig. 1. The different time-of-flight 
spectra of m=43 and 42 suggest that these arise 
from two different dissociation channels. Since 
the potential energy barrier is much larger for 
reaction (1), it seems likely that the faster 
m=43 signal is from production of acetaldehyde. 
This is our tentative assumption. However, no 
acetaldehyde parent ion (m=44) could be detected. 
The m-42 signal probably comes from CHzCHO produced 
in reaction (2), although the fast shoulder indi
cates some contribution from acetaldehyde. (Again, 
no CHzCHO parent was detected.) The lighter frag
ments produced in reactions (1) and (2) (CzH4 and 
CzHs) should be moving faster than their heavier 
partners (CH3Cf-I0 and CHzCHO) because of momentum 
conservation. The m=26 spectnnn shows contribut
tions from both of these light fragments--the fast 
peak due to c2H4, and the slow peak due to CzH5. 
The positions of the m~43 peak and the fast 
m=26 peak are in fact correctly related by 
momentum conservation, and similarly for the 
m=42 and slow m=26 peaks. A rough analysis 
indicates that the translational energy distribu
tion for the products of reaction (1) peaks at 
-~30 kcal/mole (roughly 80% of the potential 
barrier). If the EVE molecules absorb, on the 
average, 30-40 kcal/mole beyond the energy 
threshold for reaction (1), this leaves 40-50 
kcal/mole in the internal degrees of freedom of 
the acetaldehyde and ethylene products. This high 
level of internal excitation might cause acetaldehyde 
to fragment more extensively in the ionizer, possi
bly explaining the absence of acetaldehyde parent 
ion in this experiment. Secondary dissociation of 
acetaldehyde to CHzCHO + H, caused by multiphoton 
absorption of acetaldehyde during the laser pulse, 
cannot be ruled out, either. In the case of reac
tion (2), the product translational energy distri
bution peaks at ~6 kcal/mole. 
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Fig. 1. Time-of-flight spectra of mass 43, 42, and 
26 ions obtained at 8 = 20° in the laboratory. The 
arrow marks the flight time corresponding to the 
peak molecular beam velocity. The flight path was 
22 em. (XBL 7911-129ll) 

We also measured the relative 43:42 product ratio 
at three djfferent laser energy fluences. The re
sults, shown in Table l, especially the dependence 
on energ;r fluence and intensity of the laser pulses, 
are in qualitative agreement with those of Brenner. 
(While Brenner varied the pulse length at constant 
energy fluence, we used a fixed pulse length and 
varied the energy fluence and intensity simultane
ously.) Since the pre-e;qJonential factor for the 
concerted reaction (1) is certainly much smaller 
than that for reaction (2), it is expected that 
the branching ratio will shift in favor of (2) as 
the level of excitation is increased. Although 
the absorption in the quasi-continuum seems to 
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Table 1. The ratio of mass 43 to mass 42 product 
at G = 10 o Jn the laboratory for three 
values of the energy flucnce. The listed 
errors are one standard deviation. 

Energy 43 
Fluence (J I cm2) r 42 

0.6 0.64 0.10 

1.5 0.23 :': 0. 02 

8.8 0.14::+::0.02 

depend only on energy fluence, the level of exci
tation above the dissociation threshold does depend 
on laser intensity. This interdependence of branch
ing ratio, excitation level and laser intensity 
satisfactorily explains the observed results. The 
variation in the branching ratio in Brenner's experi
ments thus appears to be entirely clue to the differ
ences in the level of excitation rather than slow 
intramolecular energy migration. 
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4. VIBRATIONAL PREDISSOCIATION SPECTRA OF I-IF AND 
MIXED HF-DF CLUSTERS 

D. J. Krajnovich, !-!. S. Kwok, M. R. Vernon, 
Y. R. Sherr, andY. T. Lee 

1\'e have used a tunable infrared optical paramet
ric oscillator to obtain the vibrational predisso
ciation spectra of small hydrogen bonded clusters 
of HF. At a nozzle stagnation pressure of 300 Torr 
the dominant polymeric spee1es in the molecular 
beam is the trimer. The tnmer absorbs an infrared 
photon and preclissociates to give a monomer and a 
climer. The yield spectrum of the climer product 
(detected as (l-IF)W m the ionizer) IS shown in 
Fig. la. At a stagnation pressure of 800 Torr, the 
dissociation of tetramers into tnmers plus monomers 
also becomes significant, and the yield spectrum of 
the tnmer product (detected as (!-IF) zH+) is shmvn 
in Fig. lb. 

The most striking feature of these spectra is 
the enormous red-shift from the 1-!F monomer frequency 
of 3958 cm-1 We found that this red-shift occurs 
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Fig. 1. Vibrational predissociation spectra of HF 
clusters. (XBL 7911-12655) 

in all polymeric complexes and the amount of shift
ing is directly proportional to the strength of 
the hydrogen bonding. Despite extensive searching, 
no (HF)H+ or (HF)zH+ signal could be detected be
tween 3600 and 4000 cm-I. This suggests that the 
tnmers and higher polymers have cyclic structures, 
since all of the hydrogens appear to be involved in 
direct intermolecular bonding. This conclusion is 
also supported by the results of molecular beam 
electric resonance eA.rperiments .1 

Although some structure is evident, especially 
in the trimer spectrum, assignments are uncertain. 
The tetramer spectrum appears to have a smoother 
envelope which must be due to the existence of 
additional combmation bands coming from the extra 
monomer. 

In add1tion to studying pure I-IF clusters, lve 
also mvestigated mixed HF-DF clusters. Using a 
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65% DF - 35% I-IF mixture, trimers were produced m 
the ratio (HF)3: (!-IF) : HF(DF)z: (DF{3 = 1: 5.3: 
9.4: 5.5. By exciting around 3200 on- , all the 
trimer species except (DF) 3 could be dissociated. 
Since the mixed trimers are expected to dissociate 
by losing an HF momomer (clue to the fact that deu
terium is energetically favored in hydrogen-bonding), 
the (HF) and HF(DF) 2 dissociations were monitored 
as r!DF+ and D2F+, respectively. The yield spectra 
of HDF+ and DzF+ arc shmm in Fig. 2. They were 
very similar to each other, although significantly 
narrower than the H2F+ spectrum, particularly on 
the low-frequency side. At 3275 cm-1, the ratio of 
H2F+: HDF+: DzF+signalwas 1:2.4: 1.7. The net 
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Fig. 2. Vibrational predissociation spectra of 
HF(DF)z, (HF) 2DF mixed clusters. The dissociation 
yields have been nonnallzed to unity. 

(XBL 7912-13565) 

D:H ratio in the total dissociated product was 40:60, 
compared to the initial ratio of 65: 35. Therefore 
the trimers which remain in the beam are signifi
cantly enri.chcd in deuterium. This enrichment is 
largely clue to the simple fact that the pure DF 
tnmers do not dissociate at all at this frequency. 
However, our data indicate that the absorption 
coefficient per hydrogen is sli.ghtly greater for 
(I-IF) 2DF than for !-IF (DF) 2, so that dissociation of 

mLXecl trimers may also contribute to the isotope 
enrichment. Of course, the net enrichment is 
d1lutecl by the presence of monomers and dimers in 
the beam. It is probably not possible to get more 
than 30% of the beam in the fonn of trimers. 

* * * 

l. T. R. Dyke, G. R. Tomasevich, W. Klemperer, 
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RESEARCH PLANS FOR CALENDAR YEAR 1930 

Vibrational preclissociation of van der Waals 
molecules by a tunable IR laser has been shown to 
be quite successful in molecular beam experiments 
for many molecules. Preliminary studies on deu
terium separation in DF-I-IF systems will be extended 
to other systems, especially I-W-rare gas complexes. 
The implication of these studies to practical iso-
tope will be examined. 

Chem1cal and phys1cal properties of highly vibra
tionally excited molecules will be investigated in 
crossed molecular beam experiments using the in
frared multiphoton excitation process to energize 
the molecules. 

With the new optical parametric oscDlator, the 
IR mult1photon dissociation process w1ll be studied 
in the beam by exClting nther CH or OH stretching 
frequencies. Comparison will be made on the dis
sociation of the same molecules using the co2 laser. 



Chemical reactions of electronically excited 
molecules will be studied in crossed beam experi
ments using a single frequency dye laser excitation 
of specific vibrational rotational states of iso
topic species. 
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~. of Electrochemic~i and Energy Stor~ge* 

James W. Evans, Rolf H. Muller, John Newman, 
Phillip N. Ross, and Charles W. Tobias, Investigators 

Introduction. The overall aim of this program 
energy lower the 

and increase the materials of 
processes employed in the direct 

conversion o[ chemical to electrical energy in 
cells and in the production of materials 

Surface Morphology of Metals in Electrodeposition 

The objective of this project is to develop a 
understanding of the detail-processes and 

interactions in the macrocrystallization of 
metals, necessary for the design and optimization 
of metal deposition processes, including those in 

cells. Current projects in
of hydrodynamic flow on the 

surface morphology of copper and of zinc and 
b) dynamic modeling of surface profiles electro-
deposition and dissolution. 

In work that is still ongoing, the morphology of 
copper elcctrocleposited from 1vell supported acid 
sulfate is being studied scanning electron 
microscopy (SEM). Current (as a fraction 
of iLJ, flow rate, and smootlmess of substrate arc 
varied. The nature of deposits is evaluated by SEM 
and roughness measurements. Results so far indicate 
that there are two competing processes involved in 
the development of roughness: primary protrusion 
grmvth of faceted pyramids, and covering these, 
amorphous layers. flm,• these protrusions 
interfere the mass transfer bmmdary layer and 
thereby contribute to the propagation of surface 
roughness is not yet tmderstoon. A 3 em 1vicle, 0. 5 
em high, and 30 em long flmv channel has been com-
pleted for the of striations 
(grooves) in Zn Frequency of 
as a ftmction of ion concentration 
evaluated on polycrystalline and single 
substrates. 

1. DYN:\J\!IC 0!0DELINC; OF SURFACE PROFILES IN ELECTRO~ 
DEPOSITION A~l) DISSOLUTION! 

Ceo A. Prentice and Charles W. Tobias 

The method developed earlier in this laboratory 
for the modeling of time dependent surface 

''ThL~-~~rk-~~;s-~-~pportcd by the Division of Energy 
Storage Systems, Office of Conservation and Solar 

, U. S. Department of 

profilesl,Z has been employed in a systematic study 
of deposition of copper on a sine-wave profile. 
Calculated profiles are compared to experimental 
deposits obtained on rotating cylindrical cathodes. 
The stainless steel spindles have sine waves of 
various amplitudes and wavelength machined into 
them, maintaining axial symmetry. The rotating 
cylinder has uniform accessibility both in respect 
to electric field and ionic mass transfer. Deposits 
of thicknesses comparable to the initial sine wave 
amplitudes were obtained in rw1s of up to 48 hours 
(Fig. 1). Kinetic parameters (apparent i 0 and a) 
Here obtained from measurements on smooth rotating 
cylinders. Calculated and experimental profiles 
are shown to agree closely (Fig. 2), with the ex
ception of the peak, where an experimentally repro
ducible small depression is observed. 

The other test geometry, a two-dimensional elec
trode corner, was employed for the study of the 
effects of geometric ratios and overpotential on 
the tendency of deposits to fonn thick nodules at 
free edges and corners.2 The smoothing effect of 
increasing Wagner number on the developing geome
try of the deposit is shown in Fig. 3. Further 
simulation studies were made on the well known 
empirical technique of employing current shields 
or atLxiliary electrodes to lower or to increase 
deposit thickness on complex shaped objects. The 
smoothing effect of these devices is also shown in 

. 3. 

Improvements in our ability to efficiently simu
late developing metal surfaces upon anodic or 
cathodic charge transfer processes allow taking 
into account mass transport effects (tertiary dis
tribution) as well. This extension of our capa
bilities is expected to provide a needed underpin
ning to our efforts toward w1derstanding how 
macroscopic surface textures develop in electro
deposition and dissolution. 

* * * 
t Brief version of Abstract No. 458, Electrochem. 
Soc. , Los Angeles, October 14-19, 1979. 

1. C. A. Prentice and C. W. Tobias, tvltv!RD Armual 
Report 1978, LBL-8580, p. 490. 
2. G. A. Prentice and C. W. Tobias, "Si1nulation of 
Electrode Profiles Undergoing Deposition or Disso
lution," Abstract No. 458, p. lL46, Extended AL 
stract, Vol. 79-2, The Electrochemical Society, 
October 1979. 
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(a) 

Eg. l. (a) Copper cleposi ted on a rotating 1\i th sinusoidal initial contour. 
0.8 lcl CuS04, 1.0 0! llzS04, 80 mA/cm2 , 800 rpm, 25 hours. (b) Detail of contour after 
25 hours. [(a) CBB 798 10SZ3; (b) CBB 798-10521] 
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Fig. 3. Simulation of deposition on an electrode corner in successive time steps. 
All figures depict an equivalent deposition under each curve. (a) Primary current 
distribution. (b) Deposition under Tafel polarization, Wagner number = l. 0. 
(c) Deposition in the presence of an auxiliary cathode ("thief") at the same 
potential as the corner electrode. Primary distribution. (d) Deposition in the 
presence of an insulating shield. Primary distribution. 

[(a) XBL 794-1024; (b) XBL 794-1026; (c) XBL 704-1027; (d) XBL 794-1028] 

Anodic Surface Layers on Battery Materials 

The purpose of this work is to provide direct 
e1-:perimental infonnation about processes involved 
in the formation of anodic surface layers during 
reactions of interest for applications. 
Physically meaningful mechanistic parameters for 
the prediction of electrode behavior under different 
operating conch tions are deri vecl from the observa
tions and related to the electrochemical behavior 
of electrodes. A more broadly-based, funda-
mental research program, supported by the Division 
of Materials Sciences, Office of Basic Energy 
Sciences, is described under ''Electrochemical Phase 
Boundaries," R. H. Muller, Investigator. 

1. ELLIPSOMETRY OF SULFATE FILMS ON LEADt 

Rolf H. Muller and Richard D. Peters 

The growth of PbS04 films has been studied using 
fast in situ automatic ellipsometry. Parameters 
descrilling film structure and mechanism of growth 
have been obtained from measurements. Films have 
been followed from initial nucleation on clean 
planar electrodes until they are about 0.5 um thick. 
Constant anodic current (0.1 A/mZ to 13 A/mZ) and 
open circuit conditions have been used in I-IzS04 
solutions (l. 3 to 5. 0 M) . E:A--periments were per
formed under free convection and laminar flow 
comli tions. 
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Ellipsometer data have been a 
fit in \\'hich the rep 

resented by plano -p<1ral1 el porous material. 
Fi.l m porosi.ty represents the void space 
bet1vecn Thickness is estab-

and a balance; rcfrac·· 
derived from vollune averaging solid 

anodic product and within the pores. 

Jilm porosity, as derived from ellipsometer 
measurements, LS influenced by three experimental 
variables: current density, HzS04 concen-

ancl conditions over the electrode. 
C:oncLition:; 1vhich lead to a supersaturation 
of anochc the lead to a greater 
number ty in turn, results 
in a reduced This observation is consist-
ent with a precipitation mechanism, of film 
formation. 

Current for solid film formation 
ranges from to The balance of current forms 
material 1\hich apparently remains in solution. 

ionic species cannot account for the 
away from the surface and the neces-

concenti·ations are by potential 
measurements. The fonnation a colloidal species 
during anodic oxidation of Pb in I-IzS04 that had 
been beforel' 2, is also indica ted in the 
present 1vork. Scattering of light from large crys
tals must be considered when discussing ellipsometer-
derived film current Crystals having 
cEmonsions ncar of light act as scat-

centers only a small fraction of the 
beam emitted in the specular direc-

tion. Thus, such may optically disappear. 

formation of ne11' anodic products. at ~he Pb/PbS04 
electrode is by a sudden r1se m potent1al 

current oxidation and a simultaneous 
of optical parameters tp and 11 

relative phase difference) 
a. At point b, the cur

rent i_s (open circuit) and slopes of 
optical parameters l/J and L1 are momentarily zero, 

transient passivation of the electrode. 
The potential falls to values associated with basic 
lead sulfates (-0.56 to 0.63V vs. I-Ig/HgzS04 cor-

t.o 4PbO·PbSO!J and 3PbO·PbS04·HzO). At 
c, yJ and 1~ resuJne changing clue to film for

mation from corrosion of lead at open circuit. 
Those are consistent 1~ith the theory that 
basic sulfates are produced anodically in small 
amounts and can passivate the lead electrocle.3 

occurs 1vhen basic sulfates dissolve. 

Open circuit corrosion rates were evaluated from 
measurements at different acid concen

of up to five minutes. A 
on water concentration has been 

with Lander's data which were 
measurements over many 

The cathodic reduction of sulfate films can be 
observed as a reversal of ~~ vs. L1 obtained during 
the previous c.mochc Reduction apparently 
tenninatcs wi_th the onset of liz evolution as l/J and 
1~ no Longe1· change even though they are far from 
the corresponding to clean Pb. A 

fraction of PbS04 therefore remains on the 
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Fig. 1. Potential and optical transients observed 
during high potential oxidation (a to b) and passi
vation (b to c) of Pb in H2S04. Potentials vs. 
I-Ig/HgzS04 in the same solution (3.1 M HzS04). 
Depassivation occurs at c. (XBL 789-ll320) 

surface, apparently unavailable for reduction. 
Loss of rechargeability is usually attributed to 
sulfation, a formation of "hard" lead sulfate by 
recrystallization after many cycles, over periods 
of weeks or months, and does not e.A1Jlain the loss 
of reduction capability observed here. The present 
findings suggest that reduced material utilization 
may also be caused by changes on the lead surface 
(instead of in the sulfate layer) which result in 
preferred Hz evolution. 

* ~- * 
tBrief version of LBL-9265. 
l. G. Archdale and J. A. Harrison, J. Electroanal. 
C:hem. and Interfacial Electrochem. 34, 21 (1972). 
2. N.Y. Lyzlov, V.I. Pshenitsy11,and I. J\. Aguf, 
Sov. Electrochem. 13, 1201 (1978). 
3. D. Pavlov and N. Iordanov, J. Electrochem. Soc. 
117 1103 (1970). 

J. J. Lander, J. Electrochem. Soc. 98, 213 
(1951). 

Metal Couples in Non-Aqueous Solvents 

The objective of this project is to develop 
practical alternatives to aqueous, or high tempera
ture molten salt systems for the efficient electro
chemical reduction and oxidation of reactive metals. 
Current emphasis is placed on the 0tudy of electro~ 
chemical behavior of potassium in propylene carbo 
nate electrolytes. 



l. STUDIES ON THE ELECTROCHEMICAL BEHAVIOR OF 
POTASSIUM IN PROPYLENE CAR.BONATEtT 

Henry Il. Law and Charles W. Tobias 

Our studies on the electrodeposition of potassium 
from 0.5 molar solutions of KAlCl4 in propylene car
bonate have led to the following conclusions: 

(a) Large ammmts of good quality KA1Cl4/PC 
electrolyte (less than l ppm water) can be prepared 

straightforward manner: the solvent is puri
using alUillina and molecular sieves or 
charcoal, and then by vacuwn distillation; 

the electrolyte is prepared by dissolving KAlCl4, 
instead of AlCl3 and KCl separately, in PC. 

(b) A surface layer is formed on a potassiwn 
electrode in KAlCl4 solution; this layer affects 
the electrochemical behavior of potassium only 
slightly. The use of a potassiUill reference elec
trode is meaningful, provided high input impedance 
instruments are used. 

(c) For all practical purposes potassiUill is 
stable in the electrolyte prepared (Figs. l and 2). 
The reaction of the solvent with potassiwn proceeds 
at a rate less than that corresponding to 20 micro
ampere/cm2. 

(d) The deposition of potassiUill proceeds with 
near 100% current efficiency. AlUillinwn is not 
co-deposited. 

WO~~f~~Ji1u1,CTJ'tF~flSI T ON f'T 

2.11! !11.5:1'1 KAICI £PC 
• I 

y 

I. !'I 

II.!'! 

-1.11! 

-2.11! 

~~~~.~~-L-r-L~J-~~-L-k-~~ 

-11l.2S ll.flll!l il.2S: 

Fig. l. Cyclic voltan®ogram of potassiUill deposit 
on Pt in 0.5 M KAlCl4/PC solution at 30°C. refer
ence electrode K/K+. IR included. (XBL 792-8459) 
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Fig. 2. Cyclic voltan®ogram of a potassiUill deposit 
(after immersion in propylene carbonate for 22 
months) in 0.5 M KAlCl4/PC solution at 25°C, K/K+ 
reference electrode. IR included. (XBL 792-8461) 

(e) The deposit morphology is strongly affected 
by temperature. Deposits obtained on different 
electrode substrates show no significant differences, 
ranging from loose powders at 25°C, fine needles at 
50°C (Fig. 2), and liquid globules at 70°C. Pres
ence of a fluorinated surfactant yields large 
liquid globules at temperatures above the melting 
point of potassiwn. 

(f) The steady state galvanostatic technique 
yielded kinetic parameters with reasonable repro
ducibility; i 0 was found to be in the range of 
lxlo-4 to 5xlo-4 runp/cm2. The current-pulse tech
nique and the potentiostatic steady-state method 
were found to be not ideally suited for the purpose 
of overpotential measurements. 

(g) Cathodic overpotentials are influenced by 
the electrolyte concentration, temperature, concen
tration of cationic surfactant, and by the nature 
of the electrode substrate. 

(h) Good deposits of potassiwn up to gram quan
tities have been obtained under practical condi
tions. 1Nhen coupled with an appropriate anodic 
reaction, potassiUill could be electrowon or refined 
in PC electrolyte. 

(i) Asswning alUillinum dissolution as the anodic 
reaction, the energy requirement per kg of potas
sium in a plausible cell configuration is estimated 



at 2.4 kw-hr/kg or at $0.05/kw-hr, $0.12/kg. In
cluding the cost of Al at $0.53/lb and KCl (99.9%) 
at $40 per ton and not crediting the value of the 
side product AlCl3, the total energy and material 
cost would amount to $0.45/kg of potassium produced. 
(Fig. 3). The attracti.ve energy and material cost, 
however, would be offset by the probable need for 
cumbersome reprocessing of the electrolyte, inclu
ding removal of the product, AlC13' 

Fig. 3. Potassiwn deposit from 0.5 ]IJ KAlCl4/PC on 
a platinwn substrate, 50°C, 2 ma/cm2, electrode 
area 1.68 cm2. (XBB 793-4547, bottom portion) 

* * * 
tFrom its inception w1til FY 1976, this project 
was supported by the Division of Materials 
Science, Office of Basic Energy Sciences, U. S. 

. Department of Energy. 
tBrief version of LBL-9207. 
l. Henry I-I. Law and Charles W. Tobias, Process 
Evaluation for the Electrowinning and Refining of 
Potassiwn, Fig. 2, p. 497 MMRD Annual Report 
1978, LBL-8580. 

Analysis and Simulation of Electrochemical Systems 

This work supports the development of energy 
storage systems by means of mathematical models 
and by eA'Periments designed to test the accuracy 
and completeness of the models. A one-dimensional 
model has been developed for the Li(Al)-FcSx 
battery in conjunction with a major experimental 
program at Argonne National Laboratory. This model 
can be used to identify system liJnitations and to 
describe the physical phenomena associated with the 
Li(Al)-FeSx battery. A one-dimensional model has 
been developed 1vhich describes the interactions 
between hydrodynamics, multi-component heat and 
mass transfer, and reaction kinetics for the rotat-

clisk system. This model has been applied to 
the chemkal vapor deposition of silicon from sili
con tetrachloride in excess hydrogen. An economic 
comparison was made between flow-through and flow
by porous electrodes for redox energy storage. 
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This comparison incorporated one-dimensional steady 
state models for each electrode system, and the 
results show that the flow- by electrode configura
tion is superior. 

In on-going a high-pressure electrochemical 
reactor has been designed to remove aqueous lead 
ions from dilute feed streams. The competing side 
reaction (decomposition of water to hydrogen) is 
suppressed by increases in system pressure. Ten
fold increases in pressure can lead to a ten-fold 
decrease in lead ion effluent concentrations with 
no loss of current efficiency. Experimental data 
have been taken that indicate the feasibility of 
removing lead ions by this process. The performance 
of the system is a complex function of the mass 
transfer, charge transfer, and ohmic potential 
drop through the reactor. Efforts are being made 
to quantify experimental data in a form suitable 
for comparison to theoretical modelsl and to pro
vide a basis for reactor design and scale-up. 
Modeling work has also begun on the Fe(O)/Fe(II)/ 
Fe(III) energy storage system. 

1. Jvii\THEMATICAL li!ODELING OF THE LITHIU]IJ/IRON 
SULFIDE BATTERY'!· 

Richard Pollard and John Nm11DJan 

A one-dimensional model has been developed 
which considers a whole prismatic cell consisting 
of negative electrode, separator, electrolyte 
reservoir, and positive electrode. Physical phe
nomena described are ohmic potential drop and 
diffusion potential within the electrolyte, changes 
in porosity and electrolyte composition clue to 
electrochemical reactions, local reaction rates in 
their dependence on local composition and potential, 
and diffusion, convection, and n1igration of electro
lyte. Variations in total cell potential and over
all cell temperature are also calculated. Several 
additional features are included in the analysis: 
variable physical properties, the dependence of 
local matrix conductivity on state of charge, and 
the possibility of precipitation of electrolyte. 
Furthermore, the model can silnulate the effects of 
current interruption and charging, as well as cell 
discharge behavior. 

This model, in conjunction with a separate analy
sis of current-collector design and matched with 
experimental results, can be used to identify sys
tem limitations and to improve our understanding 
of the lithiw11-iron sulfide battery. 

Figure 1 shows the composition profile at sever
al ti111es during constant current discharge. The 
initial composition (67 mole percent LiCl) is Li 
rich compared with the eutectic composition. Con
sequently, precipitation of KCl in the positive is 
delayed until about 3 hr of discharge. However, 
LiCl would have had a tendency to precipitate in 
the negative if the temperature of the cell had not 
risen (from 450°C to 477°C after 2.5 hours of dis
charge). The clashed horizontal line indicates the 
solubility limit for LiCl at the initial tempera
ture of 450°C. 
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discharge in the lithitun/iron sulfide battery. 
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1.0 

Generally speaking, the nommifonn concentration 
profile results because Li ions are removed from 
the electrolyte at the positive according to one of 
the reactions 

2 FeS + 2e- + 2 Li + + LizFeSz + Fe (l) 

or 

LizFeSz + ze- + 2 Li+ Fe + 2 LizS (2) 

and introduced into the electrolyte at the negative 
according to the reaction 

(3) 

Since the transference number of Li+ is not unity, 
the concentration profile develops, and diffusion 
aids migration in the transport of lithiwn ions. 

The negative starts with a small initial porosity 
(0.25) and opens up as the reaction proceeds. The 
reaction zone also penetrates somewhat into the 
negative as lithium is partially conswned and the 
potential required for reaction 3 becomes more posi
tive. At the positive, reaction 1 proceeds first, 
and a reaction front has proceeded about two-thirds 
of the way through the positive after 2 hours, as 
sho\,~1 in Fig. 1. The FeS is fully converted to 
LizFeS behind this reaction front, which is itself 
relatively narrow. Subsequently, a reaction front 
for reaction 2 begins to move through the positive, 
and its affect on the composition can be seen in 
Fig. 1 at 2.5 hr. The porosity becomes smaller in 
the positive as reactions l and 2 and this 
results in steeper concentration gradients in the 
positive. Any precipitation of KCl (or LiCl in the 
negative) which might occur further aggravates the 
problem of ohmic potential drop in electrolyte. 
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Figure 2 shows the microstructure in the postive 
shortly after the second reaction has begun to 
occur. Here the initial composition is that of the 
eutectic, 58 mole percent LiCl, and precipitation 
of KCl can occur. This is responsible for the ex
tremely small value of the porosity s at a distance 
of about 0.075 em. This effectively blocks the 
back portion of the electrode. In the depth of the 
electrode, reaction l has occurred to some extent, 
producing a certain volume fraction s, of LizFeSz 
and decreasing the porosity somewhat 1'rom its 
initial value of 0.5. Near the front for reaction 
1, KCl has precipitated, as mentioned already. 
Towards the separator from this front there is a 
plateau for the values of sx, s, and Sfe corres
ponding to completion of reaction l. At distances 
less than 0.01 em the consequence of reaction 2 can 
be seen. LizFeSz(sx) is consumed, LizS is produced, 
and the porosity s drops to a small value. (This 
effect may be compensated for in the real system by 
appreciable swelling of the positive.) 
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Fig. 2. Composition microstructure in the positive 
electrode shortly after reaction 2 begins. 

(XBL 7910-l2434A) 

The detailed modeling described here can be used 
to develop local discharge curves for use in the 
current-collector scale-up studies, to clarify our 
understanding of the actual mechanism of the reac
tions, and to elucidate basic causes of failure or 
capacity fading--which might include precipitation 
of KCJ or LiCl. 

* * * 

version of Abstract No. 182, Electrochem. 
Soc. ~leeting, Los /\ngeles, October 14-19, 1979. 



2. SILICON DEPOSITION ON A ROTATING DISKt 

Richard Pollard and Jolm Ne1vman 

A one-dimensional model has been developed which 
describes the interactions between hydrodynamics, 
multicomponent heat and mass transfer, and reaction 
kinetics for the rotating disk system. The analy
sis includes variable physical properties and 
finite interfacial velocity and has provision for 
an arbitrary number of simultaneous homogeneous 
and heterogeneous reactions. The model has been 
applied to the chemical vapor deposition of silicon 
from silicon tetrachloride in excess hydrogen. 
Predictions for the dependence of silicon produc
tion rate on disk temperature and rotation rate are 
compared with available experimental data. 

* * * 
tBrief version of LBL-9154. 

3. A COlv!PARISON BETWEEN FLOW-THROUGH AND FLOW-BY 
POROUS ELECTRODES FOR REDOX ENERGY STORAGEt 

James A. Trainham and Jolm Newman 

An a priori economic comparison was made between 
the two electrode configurations for flow redox 
battery applications: (i) the flow--through con
figuration (current parallel to the fluid flow) 
and (ii) the flow-by configuration (current per
pendicular to the fluid flow). Steady-state com
puter models were developed for each electrode 
system. These models were used to produce current 
density, cell voltage, and power density over a 
complete cycle (charge and discharge). The eco
nomic comparison was made by optimizing each con
figuration with respect to an objective function 
appropriate for this application. In this case, 
only the variable costs \\'ere considered. The 
results of the optimization show that the flow-by 
configuration is superior. The flow-through con
figuration not only yields a lower return on invest
ment, but it is impractical due to a requirement 
of extremely low flow rates (Re < 0. 001). Its 
failure is due to current flow (and ohmic potential 
drop ) in the same direction as the fluid flow. 

* * * 
tBrief version of LBL-9221. 

4. EXPERIMENTAL DETERt'I1INATION OF CUPRIC ION 
DIFFUSIVITIES IN CuS04/H2So4;c3r-I5 (OI-l) 3 SOLUTIONS 

Cecilia Mak and John Ne1vman 

Copper sulfate and sulfuric acid solutions are 
frequently used in electrochemical studies and 
applications. In many of these cases, special 
interest is placed on the viscosities and diffusi
vities of these solutions. To examine the effect 
of the solution viscosity on the system behavior, 
investigations were made with glycerol addition. 
Glycerol was used to increase solution viscosity 
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because it forms Newtonian solutions with water 
and was found to be electrochemically inert. 

Densities, viscosities and limiting currents 
were measured on a rotating disk electrode for 
varying concentrations of copper sulfate, sulfuric 
acid and glycerol. With the use of the Levich 
equation, experimental diffusion coefficients were 
computed. A further attempt was made to correlate 
the Stokes-Einstein constant (Dy/T) as a function 
of the concentrations of the component species in 
the solutions. 

Improvements in Efficiency 
of Aluminum Reduction Cells 

The research project has the objective of reduc
ing the electrical energy consumed in the electro
lytic production of aluminwn by increasing the 
current efficiency of the cells in which this 
operation is carried out. The current efficiency 
falls short of 100% in such cells because of the 
turbulent transport of aluminum product, dissolved 
in the molten salt electrolyte, to the anode region 
where it is reoxidized. The predominant driving 
force for this transport is the electromagnetic 
force caused by the interaction of the current 
within the electrolyte and the magnetic fields 
generated by this current and currents in surround
ing cell components. 

l. CALCULATED CURREI\IT EFFICIENCIES FOR 185kA 
ALUMINUM CELLS WIT!-! AL TERt'IJATIVE BUS- BAR 
ARRANGEMENTS 

Y. Zundelevich and J. W. Evans 

A finite element procedure has been employed to 
solve the equation 

for the electric potential distribution within a 
18SkA aluminwn cell approximating a commerical 
design. The current density field within the elec
trolyte, molten metal and carbon cell lining was 
then found by application of the differential form 
of Ohm's law. Magnetic fields within electrolyte 
and metal were then calculated from the Biot-Savart 
law enabling the calculation of the electromagnetic 
stirring forces as the cross product of the current 
density and magnetic induction vectors. In such 
calculations, magnetic fields due to currents in 
conductors external to the cell were allowed for. 
!11agnetic fields due to currents in some of these 
conductors are attenuated by the steel shell of 
the cell and this was allowed for by means of a 
shielding factor. 

The electromagnetic force distribution was then 
substituted in the time averaged turbulent Navier
Stokes equations describing the motion of the elec
trolyte and metal. In conjunction .with the time 
averaged continuity equation and the k-s model for 



the turbulent viscosity, these equations were then 
solved iteratively by a finite difference procedure 
to obtain the distribution of velocities within the 
two liquids as well as the distribution of the tur
bulence kinetic energy. Finally the mass flu," of 
aluminwn from the alwninum-electrolyte interface 
(and consequently the current efficiency) was cal
culated by an equation developed by Levich for mass 
transport from an interface where turbulence is 
damped by surface tcnsion.l 

Figure 1 shows schematically three possible bus
bar arrangements whereby current passes ~rom the 
cell on the right via a "riser" to that 111 the 
center and thence to that on the left. TI1.e shell 
and lining of the cell, as well as the electrolyte 
and metal pools, have ~een left out o~ the figure, 
and only four of the e1ghteen anodes m each cell 
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are shm,'Il, in order to emphasize the bus-bar arrange
ment. Heavy lines represent conductors which are 
not schieldecl by the shell while the lighter lines 
represent shielded conductors. Broken lines are 
conductors in adjacent cells. Computed current 
efficiencies for the three possible arrangements 
are: 

Shielding 0.1 0.4 0.1 0.4 0.1 
factor 

0.4 

Current 88.4 88.7 89.3 89.4 87.9 88.0 
efficiency ('•) 

The results reveal that there is little to choose 
between the three riser arrangements (which are 
conunon in industrial cells) , at least as far as 
current efficiency is concerned. The calculated 
efficiencies lie in the range 80-95% connnonly 
reported for industrial cells. The shielding 
factor is seen to have little influence on the 
current efficiency which is a valuable result since 
there is some question concerning an approximate 
value in the range 0.1-0.4. 

The proximity of the bus-bar returning the cur
rent from the end of the line of cells is calcu
lated to have a sig11ificant influence on current 
efficiency: 

Distance of retun1 bus from end of cell 
(meters) : 0. 5 2. 5 5. 5 

Current efficiency (%): 78.2 88.5 88.7 

In many instances, current would return to the 
rectifier via another line of cells, rather than 
via a return bus-bar, and it is inferred from 
these calculations that the separation between the 
lines may have a significant influence on current 
efficiency. 

* * * 
l. Proceedings of the seminar "Heat and Mass 
Transfer in Metallurgical Systems, 11 Dubrovnik, 
Yugoslavia, September, 1979, LBL-8519. 
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Return bus 

Return bus 

Fig. l. Three possible bus-bar arrangements for 
aluminum reduction cells. [(a) XBL 7911-14526; 

(b) XBL 7911-14527; (c) XBL 7911-14525] 

Engineering Analysis of Gas Evolution 
in Electrolysis 

Gas evolution by electrolysis is one of the most 
conunon reaction types in electrosynthesis. As of 
late, electrically rechargeable batteries are under 
development which also develop gases on charge. 
This project is directed toward the physical des
cription and correlation of the behavior of elec
trochemically-generated gas-electrolyte emulsions, 
including the effect bubble streams have on mass 
transport at electrode surfaces. Liberation of 
hydrogen or oxygen from various metallic surfaces, 
situated in a flow channel, is observed w1der 
intense illumination, over broad ranges of current 
densities and flow rates. The ohmic component of 
overpotential is measured and correlated to process 
conditions. Understanding the behavior of bubble 
streams should lead to improvements in the energy 
efficiency of gas generating processes. 

l. GAS EVOLUTION IN FORCED FLOWt 

Hui and Charles W. Tobias 

The channel flow apparatus developed earlier in 
this laboratory has been employed for measuring the 
effect of flow (0-135 em/sec in 6xl0 nnn cross sec
tion) on the effective overpotential of hydrogen 
evolving in nickel in S M KOH at current densities 
up to 2.0 amperes/cm2. The capillary junction con
necting to an Hg/HgO,OW reference electrode \vas 



situated directly in line with the leading edge of 
the 5x5 mm Ni cathode; a 125 )Jm diameter hole Has 
drilled in the transparent plexiglass wall for this 
purpose. A Bolex H 16 camera was used to take mag
nified observations of gas bubbles evolved at low 
current densities (< 10 ma/cm2) in stagnant elec
trolyte. At higher current densities, and in flow
ing electrolyte, a Hycam movie camera, capable of 
up to 10,000 frames per second, was employed. 

Surfaces of the nickel cathodes were either 
(a) polished with 1 )Jlll diamond , (b) sanded 
with 100 grit sandpaper at 90° the direction 
of the flow, or (c) sanded parallel to the flow. 
The IR components were measured by an interruptor 
teclmique. Figure 1 illustrates the effect of flow 
on the ]ncremental ohmic resistance, (1'1 IR)J3, 
caused by bubbles in the innnediate vicinity of the 
cathode. The high values of 1'1 (IR)B on the smooth 
surface may be explained by relatively lower number 
of nucleation sites and longer residence times, 
both of which were demonstrated in the motion pic
tures taken. At lmv current densities the effect 
of flow on reducing the ohmic drop is much less 
important. 
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Fig. l. The effect of flow on the incremental ohmic 
resistance caused by gas bubbles at the electrode 
surface. Hydrogen evolution is 5 M KOI-l, 5x5 mm 
electrode coplanar with 10 nun wide cham1el of 6xl0 
mrn cross section. 

electrode polished with 1 )Jm 
diamond powder 

electrode sanded with 100 grit 
paper 90° across flow 

electrode sanded with 100 grit 
paper parallel to flow 

(XBL 802-391) 

The effect of flow on the concentration over
potential associated 1vi th the discharge of water 
to hydrogen shows an interesting pattern: due to 
the stirring effect of bubbles in free convection, 
only concentration overpotentials observed at cur
rent densities below about 40 ma/cm2 are reduced by 
forced flow. At higher current densities, although 
the ohmic chop clue to bubbles is reduced by flow, 
the concentration overpotential is not. It is a 
well knmvn fact that the free convection generated 
by gas evolution is one of the most effective 
stirring mechanims to enhance mass transport to 
and from electrode surfaces. 

-tSupportecl the Division of Industrial Energy 
Conservation, Office of Conservation and Solar 
Energy, U.S. Department of Energy. 

RESEARCI! PLANS FOR CALENDAR YEAR 1980 

1. SURFACE ~!ORPHOLOGY OF :t-!ETALS IN ELECTRO
DEPOSITION 

C. W. Tobias, Investigator 

The mechanism responsible for the initiation and 
propagation of grooved, striated deposits will be 
evaluated by artifically induced secondary flows. 
The deposition of coppoer and zinc from acid solu
tions will receive continued emphasis. A planar 
electrode, up to 30 em long, imbedded into the walls 
of a flow cham1el, will serve as test geometry. To 
identify the initial step in the fonnation of de
posits which contain imprints of hydrodynamic 
events, the dependence of frequency of nucleation 
on concentration and on small variations of surface 
potential will be studied on rotating disk elec
trodes. The purpose of this investigation is to 
understand in a quantitative sense the steps in
volved in the evolution of surface morphology in 
thick metallic deposits and to establish regimes of 
operational conclitons in which deposits of accept
able character may be obtained. 

2. ANODIC SURFACE LAYERS ON BATTERY Iv!A.TERIALS 

R. Muller, Investigator 

Surface layers on lithium in non-aqueous solvents 
of interest in teclmology vill be investi
gated. Teclmiques for the preparation of polished 
metal surfaces and anhydrous solutions have been 
developed. Of particular interest is a characteri
zation of the effect of solvents and solutes on the 

of the layers in order to predict and 
control the electrochemical behavior of the films, 
and to find means to cycle electrodes. 

Installation of a digital data acquisition system 
for the efficient evaluation of transient and spec
troscopic measurements will be completed. 



3. At\li\LYSIS AND SIMULATION OF ELECTROCHEMICAL 
SYSTEMS 

J. Newnan, Investigator 

E>q)erimental work on the removal of lead ions 
with a high pressure electrochemical reactor will 
continue with the goal of providing a finn basis 
for design and scale-up. A mathematical model will 
be developed for the Fe(O)/Fe(II)/Fe(III) energy 
storage system. Exverimental work will continue on 
the characterization of cupric ion cli.ffusi vi tics in 
CuS04/HzS04/C3H5(0H) 3 solutions. 

4. iiiETAL COUPLES IN NON- AQUEOUS SOLVENTS 

C. W. Tobias, Investigator 

Further refinements are to be introduced in the 
(propylene carbonate) solvent purification steps, 
and simple practical methods will be evaluated for 
the routine characterization of the treated solvent. 
The thin protective layers detected on potassium in 
propylene carbonate by the chronopotentiometric 
technique will be studied using parallel electro
chemical and ellipsometric measurements. As a first 
step in this investigation lithitun metal will be 
employed instead of potassiwn, because of the rela
tive ease of obtaining smooth, bright surfaces on 
lithium as against on potassium. Propylene carbo
nate is one of the more interesting organic ioniz
ing media for potential use in galvanic cell and 
electrosynthesis applications. 

5. CURRENT INEFFICIENCES IN ALUJIHNUill REDUCTION 
CELLS 

J. Evans, Investigator 

The calculations of the type described will be 
extended to cells of the end-to-end configuration 
and the effect of other changes in cell design on 
current efficiency will be computed. It is plmmed 
to clo preliminary work on the electromagnetically 
driven oscillation of the electrolyte-metal inter-
face. conslUnption in the cells could be 
reduced by the separation of the anodes 
from this interface. The lower limit on this 
separation is imposed by the oscillation since a 
short circuit exists when the anode contacts the 
metal. Development of cell designs where such 
oscillation is minimized should therefore enable 
reductions in energy consumption. 
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6. ENCINEERING ill\li\LYSIS OF GAS EVOLUTION 

C. \V. Tobias, Investigator 

Effect of low, current density and electrode 
surface texture on the ohmic- and mass transfer
component of overpotential will be measured, and 
high- motion picture records will be taken of 
the gas electrode surface in our f101v 
channel apparatus. A mosaic-electrode, composed 
of 100x100 )Jm surface elements, by 
l )Jlll insulating , will be developed to 
study in detail the effect of bubble separation 
and coalescence on the mass transport boundary 
layer over the surrotmding surface For 
each electrode element of the mosaic, we will be 
able to mGasure and control the current and/or 
the potential. It is Gxpected that the 
location of a nucleation event, and the rate of 
growth of bubbles at any and all mosaic elements, 
will be prcdetenninGd. Certain mosaic elements 
1vill be used only for reference electrode purposes, 
or for limiting current of indicating 
ions. mechanistic evaluation of the 
bGhavior of gas bubble assemblages, and their 
effect on mass transfer boundary , is ex-
pected to open up novel approaches electrode 
design, and, through this, for the optimization 
of gas evolving electrolysis processes. 

7. ELECTRODE PROPERriES, ELECTRIC BEHAVIOR A\fD 
MICROSTRUCTURE OF NASICON 

L. C. De Jonghe, Investigator 

Electrochemical storage systems continue to be 
viable and potentially economical devices for load 
leveling or for vehicle propulsion. One of the 
more attractivG systems is based on the soclilUn/ 
sulfur electrochemical couple with a ceranic elec
trolyte. To elate, sodium-beta" allUnina is the most 
developed ceramic electrolyte, and construction is 
now w1denvay of modules to be tested in the next few 

in the Battery Energy Storage Test Facility. 
search for fast ion conductors is continuing to 

provide alternatives to the sodium-betz," alumina 
ceramic electrolytes. One of these is the three 
dimensional sodilUn ion conductor Nasicon, 
(Nal+xZrz Six P3_x o12). Nasicon possesses some 
advantage, especially in the fabrication stage, 
over beta" allllnina. Its is potentially 
lower at 300°C than that ' alumina 
polycrystalline electrolyte. The research intends 
to e;\:amine the properties of Nasicon so that they 
can be critically compared with sodiwn-beta" alu-
mina solid The nature of micro-
structural transformations, and of microstructural 



inhomogenities that occurred as a result of prepa
ration will be examined by transmission electron 
microscopy. Further, the tolerance of this solid 
electrolyte to impurities will be compared to that 
of sodium-beta'' alumina. In the near future, this 
research intends to clarify the microstructure
properties relationship of Nasicon and to charac
terize the ionic conduction processes by means of 
dispersive measurements, as well as to examine the 
electrode polarization phenomena that occur at 
clean electrodes. 

8. REVERSIBLE AIR ELECTRODES FOR lviETAL-AIR 
BATTERIES 

P. Ross, Investigator 

The objective of this program is to examine in 
detail the oxygen reduction and oxygen evolution 
reactions in alkaline electrolyte on selected 
electrocatalyst surfaces. More than a decade of 
hydrogen-air fuel cell research and development 
has led to the general conclusion that the most 
cost-effective electrocatalyst is a highly active 
metal dispersed on a high surface area, stable, 
conducting substrate. In the reversible oxygen 
electrode, the substrate must be structurally 
stable over the entire potential range for both 
oxygen reduction and oxygen evolution, typically 
0. 8-1. 6 V (RI-lE) . Graphitic carbon blacks appear 
to be the best-support for dispersing metal elec
trocatalysts and meet this stability requirement. 
As an exan~le of this concept, state-of-the-art 
phosphoric acid fuel cell electrodes with only 
0.1 mg Pt/cm2 when used as an electrode in KOH 
discharge oxygen at better than 50 ASF at 0.85 V 
(RHE), an effective catalyst cost of only $2/kW 
capacity. Even lower cost should be possible 
since other metals or combinations of metals may 
be more cost effective than Pt in alkaline elec
trolyte. It is anticipated that multi-metallic 
clusters dispersed on carbon will be the most 
active and cost-effective type of electrocatalyst. 

Detailed kinetic studies will be conducted of 
the oxygen reduction and oxygen evolution reactions 
on clean, well-characterized Group VIII and IB 
metals in KOH using rotating ring-disk electrode 
teclmiques. The most active metals in both the 
charge and discharge mode will be used to catalyze 
a pyrolitic grapl1ite rotating disk electrode in 
binary and ternary combinations by electrodeposi
tion. The charge and discharge polarization 
behavior using these supported multi-metallic 
clusters will be determined and the stability of 
the performance over repeated cycling will also be 
exan1ined. If the initial, proof of concept phase 
is successful, practical reversible air electrodes 
using high surface area carbons will be tested 
employing hydrophobic, PTFE bonded structures. 
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Other Projects 

a. Solution Thermodynamics of Sulfites and Sulfite Oxidation Mechanisms* 

Leo Brewer and Robert Connick, Investigators 

1. THER!v!ODYNM!IC PROPERTIES OF lv!ULTICOlVlPON'ENT 
AQUEOUS SOLUTIONS OF ALKALI AND ALKALINE EAJ<TH 
SULFITES, SULFATES, Al\JD HALIDES! 

G. Rosenblatt 

One of the critical problems of the operation 
of limestone flue gas desulfurization systems is 
the control of precipitation of calciLml sulfite 
and sulfate so as to avoid coating of the limestone 
that would interfere with its efficient utilization. 
Because of changing salt concentrations due to 
accumulation of various halogen and nitrogen anions 
together with sodiLml and potassium cations and 
varying pH and bisulfite concentration due to vari
ations in the sulfur content of the coal, it is 
necessary to know the thermodynamic properties of 
these complex salt mixtures to be able to control 
the behavior of the process to maintain optimum 
performance. 

The extended Debye-Huckel theory of Pitzer and 
coworkersl was used to estimate activity coeffi
cients in complex electrolyte solutions at 2S-S5°C. 
A computer program was developed to calculate the 
activity coefficients up to high ionic strength 
in aqueous mixtures containing any combination 
of the following ions: 

Na+, K+, Mg2+, ca2+, cr, cw3-, c1o4-, Hco3-
- - 7-

HS04 , HS03 , co3 w , 
z- 2- z-so4 so3 , s2o5 

j..• * * 

version of LBL-· 96 71. 
1. L. F. Silvester and K. S. Pitzer, J. Soln. Chern. 
2, 327 (1978) and earlier papers of the series. 

2. THERiv!ODYNAiv!IC PROPERTIES OF SOLID PHASES OF THE 
CaSO -CaSO -H 0 SYSTEMr 

3 4 2 

B. -J. Lin and Leo Brewer 

A review of the literature for the Ca-S-0-H sys
tem ind1cated many contradictions which could possi
ble be reconciled if one recognized the existence 
of solid solutions of calcil.un sulfite and calcium 
sulfate. Subsequently confinnationsl '2 were found 
of the existence of such solid solutions. A pro
gram is undenvay to detennme the thennodynamic 

-A· 

This work was supported by the MorgantOMl Energy 
Technology Center, U. S. Department of Energy. 

properties of these solid solutions for the hydrate 
and for the anhydrous phases. The partial pressure 
of water in equilibrium with the hydrate and anhy
drous phases is being deteTIJined through use of a 
thermal balance in a controlled water vapor atmos
phere:;. 

In preparation for the treatment of the equilib
bria between the hydrated solid solutions of cal 
cium sulfite and calcium sulfate and various aque
ous salt solutions and the equilibria between the 
anhydrous solid solutions and the vapor phase, 
thermodynamic data have been compiled for the 
various species of the Ca-0-S-H system that might 
play a role. 

* * * 

1. R. H. Borgwardt, Pilot Support at Research 
Triangle Park, N. C., SLmmmry of Research Related 
to Process Improvement of Lime/Limestone Scrubbing 
Process, November 1973. 
2. K. Setoyama and S. Tal<hashi, Yogyo-Kyokai-Shi 
.5!2_, 244 (1978). 

3. THE KINETICS OF OXIDATION OF BISULFITE ION 
BY OXYGEN 

Thomas G. Braga 

The oxidation of bisulfite ion to sulfate ion 
by oxygen 

HSO_ + 10 + SO z- + I·t 
j 

2 2 4 

is of importance in flue gas desulfurization proc
esses as well as in pollution arising from sulfur 
diox1de. Although many studies have been made of 
its rate, the rate law and mechanism are still not 
established. The difflculty arises from the reac
tion being a cham reaction and therefore subject 
to catalysis inhibition by many substances. 
It is our aim in the present study to produce initi
ation and tennination by substances deliberately 
added, and thus to investigate the reaction under 
controlled conditions. 

In beginning the study, the method of measurement 
adopted was to follow the rate of absorption of 
oxygen gas as the solutiOn was violently agitated, 
the method used by most previous investigators. 
Results were obtained for the rate when sulfite 
ion was the starting species for comparison with 
the work of others who have generally worked with 



th1s species. In addition, the rate of uptake 
of oxygen by de-gassed water was measured. Com
parison of the two showed that oxygen was absorbed 
by water considerably more slowly than by the sul
fite solutions, a result which leads to the conclu
sion that in the sulfite experlinents the aqueous 
solution is not saturated with oxygen. Therefore, 
in the sulfite experiments the rate of absorption 
of OA/gen is in part mass-transfer controlled, 
rather than kmetically controlled. The result 
throws into doubt many earlier conclusions reached 
about rates and rate laws for the rate of oxidation 
of sulfite ion by oxygen. It may be noted that 
chemical engineers working with this reaction were 
aware of the problem, unlike chemists who did not 
seem to know about it. 

RESEARCH PLANS FOR CALENDAR YEAR 1980 

Studies will be made of the rate of oxidation 
of bisulfite ion by oxygen 1n aqueous solutions in 
order to determine rate laws and mechanisms. 
Attempts will be made to control both the initia
tion and tennination steps of this chain reaction 
in order to eliminate extraneous effects from lin
purities. Once controlled conditions are estab
llshed, catalytic effects of a variety of substances 
--particularly certain transition metal ions--will 
be investigated. 

The computer program for calculation of thermo
dynamic properties of aqueous salt solutions will 
be extended to include weak acid interactions. The 
thennodynamic measurements on solid solutions of 
sulfites and sulfate will be extended to higher 
temperatures and combined w1th the complete tabula
tion of thermodynamic values of related compounds. 

1979 PUBLICATIONS AND REPORTS 

Other Publications 

.,.1. R. E. Connick and T. G. Braga, "Solution Ther
modynamics of Sulfites and Sulfite Oxidation Mech-
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September 1979. 

LBL Reports 

l. G. Rosenblatt, "Estimation of Activity Coeffi
cients in Concentrated Sulfite-Sulfate Solut1ons," 
submitted to AIChE, LBL-9671. 

2. B. Meyer, M. Ospina, and L. Peter, "Raman Spec
trometric Determination of Oxysulfur Anions in 
Aqueous Systems," submitted to Anal. Chem. Acta, 
LBL-9974. 

Invited Talks 

l. Robert E. Conn1ck and Thomas M. Tam, "Species 
in Aqueous Solutions of Sulfur Dioxide," Gas De
sulfuri.zation Conference, Morgantown, West Virginia, 
June 7-8 1979. 

2. Leo Brewer, "Ca0/S02/Hz0 System," Gas Desulfuri
zation Conference, Morgantown, West Virginia, June 
7-8 1979. 

3. Leo Brewer, "Present and Future Energy Demands 
on Thermodynamics," High-Temperature Symposium, 
Richland, Washington, June 13-15 1979. 

* * * 

tSupported by Morgantown Energy Technology Center, 
U. S. Department of Energy. 
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b. Process Chemical Parameters in Aqueous Sulfur Dioxide Removal by Lime/limestone Scrubbers* 

Beat Meyer and Robert E. Connick, Investigators 

1. Tin' REACTION OF .1\J\ITIIONii\ wrn-I SULFUR DIOXIDE·[-

!-!. 1\'ceks,'t B. 0lulliken,§ and B. ~!eyer 

TR and Raman \vere used to follow 
the reaction of and rumnonia in rare 
gas matrices, liquid cumnonia, liquid sulfur dioxide 
and aqueous solution. We have now reached a mile
stone -in this Five year study. 1ve know, for 
example, that !NSO appears as an intennecliate in 
matrices. ln liquid rumnonia the reaction consists 
of auto-redox disproportionation of sulfur dioxide 
yielding sulfate, thiosulfate, polythionates, 
elemental sulfur, and eventually deeply colored 
purple S~ radicals. 1\nunonia serves as a catalyst 
without products. In liquid sulfur 
dioxide the reaction a series of sulfur-
nitrogen bonded compounds compr1s1ng various 
oxidation states. 

i-Brief version of LBL-8098 and LBL-8098 Rev. 
fPennanent address: Physics Department, University 
of California, Berkeley. 

§Permanent address: Chemistry Department, Univer
sity of Washington, Seattle. 

2. !{1\J\Ii\\l SPECTRO~ll~TRIC DETERJ\liNATIONS OF AQUEOUS 
SULFUR OA'YA\JION-t 

III. Ospina, L. Peter,r and B. llleyer 

Relative intensities were measured and absolute 
Raman intensities were estimated for 
sulfate, , dithionate, sulfite, sulfur 
dioxide, bisulfite, disulfite, thiosulfate, dithio
nite, trithionate, polythionates, and polysulfides. 
The purpose of this \vork is to make it possible to 
identify and determine species in situ in complex 
mixtures during reactions involving different sul
fur species. The results of this work are being 
applied in work dealing with sulfur dioxide abate
ment reactions and kinetics, in a study of the 
1\fackenroder reaction and in the decomposition study 
of thiosulfate and similar systems. Figure 1 (see 
article 3) shows the power of this method for ther
mal disproportionation of bisulfite-disulfite mix
tures, containing sulfur dioxide and yielding sul 
fate. All species can be clearly identified in the 
mixture, and their concentration can be derived by 
comparing the intensities of their 
peaks with the water serving as an internal 
standard. 

* * * 
-[-Brief version of LBL-9974. 
'!'Permanent address: Seattle Pacific University. 

'''This work was supported by the lllorgantm,n Energy 
Center, U. S. Department of Energy. 

3. CHEMISTRY Of AQUEOUS OXYACIDS OF SULFUR 

L. Peter/ M. Ospina,f ill. Hinnawi,r T. Burner,+ 
'F . + M. Rigdon;. L. Ugham,'F A. Tini,T and B. Meyer 

Several milestones were reached in these studies: 
Raman spectra show that clithionite ion, which has 
C2 structure in all its known salts, changes 
reversibly to the C2h structure in aqueous solution. 
The latter S)'lmnetry corresponds to the structure of 
isoelectronic P2F4 and other similar ions, and 
explains much of the unusual chemistry of dithio
nite. 

Isotopic work with 15N, 18o, D and 34s has 
helped assign several vibrational bands in the 
disulfite ion (S2o52-) and this has ultimat~ly 
helped to analyze disulfi te, bisulfite (HS03), 
and sulfite cso32-). 

Mixed thiosulfato-cyano complexes of copper, 
silver and gold were analyzed in solution .. Raman 
spectra indicate that these systems contain at 
least three different kinds of species. This 
means that a terminal sulfur serves as ligand 
contact. 

It was also found that the thennal auto-redox 
disproportionation of sulfite and disulfite 
occurred at lower temperature and with greater 
speed than fonnerly proven, evidenced by the Raman 
spectroscopy of Fig. 1. Furthennore, ammonia and 
traces of vanadium or other catalysts are suffi
cient to cause 90% decomposition of the 1M disul
fite solution at 90°C within 24 hours. 

As shown in Fig. 1, the first spectrwn was 
taken after 1 hour at l60°C. The water band at 
1650 cm·l was used to calibrate the spectrum. 
The spectrum shows mainly HS03 with some s2o5

2-
and some SOz. The sulfate peak appears as a very 
weak shoulder. After 4 hours the second spectrum 
is unchanged, except for the sulfate peak Hhich 
is about 4 times stronger. The third spectrum 
taken after 8 hours shows an increase in the 
sulfate spectrum as well as the sulfur dioxide 
spectrum. The water peak shows that the spectrwn 
was recorded at lower sensitivity. Yellow sulfur, 
the reduced product, separates as a second liquid 
phase. Its spectrum is not sho\,'11, as it does not 
appear in the aqueous phase. After 23 hours the 
fourth spectrum is dominated by the sulfate and 
sulfur dioxide. The fifth spectrum shows that the 
thermal decomposition of sulfite [sulfur (IV)] is 
almost completed. The sulfate concentration is 
close to saturation. When solid sodium sulfate 
precipitates, the intensity of the sulfate ion in 
solution is no longer representative of the total 
sulfate fonned. 

* * * 
-[-Permanent address: Seattle Pacific University. 
tPermanent address: Chemistry Department, Univer
sity of Washington, Seattle. 



1. Raman spectrum of a 1M Na2s2o5 solution 
in a sealed pyrex tube. (XBL 7912-13657) 

4. CHE~!ISTRY Of WASTE SULFUR UTILIZATIONt 

](. Woo,f W. Johns,§ M. Rigdon,ll and B. ~!eyer 

Interdisciplinary work continues to help corre
late some of our basic research findings \vi th work 
of scientists in other fields. Chemical reasoning 
was used to assist the Federal Higlway Administra
tion and its contractors to identify polysulficles, 
vinyl and aromatic species as sulfur poly1ner 
stabilizers in non-petroleum base highway pavement 
mixtures containing 85% elemental waste sulfur. 
Highway test sections have been built in Texas, 
Washington, Canada, and France. 
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The chemical interaction of sulfur oxvacids with 
wood and urea- fonnaldehyde resin adhesives and 
insulating foams \vas studied in cooperation 1vith 
the forest departments at U.C. Berkeley 
and Washington State University. The chemical 
bonding have been related to mechanical 
and environmental (i.e., odor) properties of 
products. This work has led to the development 
of a new model for the fonnalclehyde release 
mechanism for home foam insulation and particle 
board. This work has been partially covered in 
the book listed tmder references (see this report). 

* * * 
tBricf version of LBL-9396. 
fPermanent address: Phvsics Department, University 
of Berkeley. 

§Permanent : Forest Products Laboratory, 
University of California, Berkeley. 

II Permanent address: Chemistry Department, 
University of Washington, Seattle. 

RESEAECH PLANS FOR CALENDAR Yl~i\R 19 80 

A systematic study of the effect of concentra
tion, temperature, and catalysts will be made of 
the auto-redox decomposition of sulfur(IV) to 
establish the kinetics and identify the reaction 
mechanism. Other systems relevant to the deter
mination of process' parameters for sulfur dioxide 
scrubbing by lime/limestone will be studied for 
DOE l'c!organtoHn. Among the factors considered in 
this continuing study will be the kinetics and 
mechanism of bisulfite, sulfite, and sulfate 
complexation; the kinetics of calcitun sulfate and 
sulfite precipitation; sulfur (IV) and sulfur (VI) 
metal ligand reactions; and sulfur(IV) oxidation. 
This work \vill remain in close contact \Vlth 
complementary 1vork conducted by L. Brewer and 
R. E. Cmmick. 

Research on metal sulfur oxyacid ligand systems, 
especially silver thiosulfate complexes, will be 
continued to dete11nine the influence of the metal
ligand interaction on redox processes \vi thin the 
molecules, and between complex and solution, in 
order to identify the mechanism of catalysis. 

Interdisciplinary research will center on 
reactions of sulfur (IV) as recovered from sulfur 
dioxide abatement systems, to establish possible 
utilization paths \vhich are environmentally more 
acceptable than their precursors, 

1979 PUBLICATIONS AND REPORTS 

Refereed Joun1als 

l. B. il!eyer, L. Peter and C. Shaskey-Rosenluncl, 
"Raman Spectra of Bisulfite and Disulfite 
Tons in Alkali Salts Aqueous Solutions," 
Spectrochim. Acta. -~5_, 347 (19 79) . 

2. B. Meyer, "Geochemical and Cosmochemical 
Cycles Involving Sulfur, Sulfide, Sulfite and 
Sulfate," Geochim. Cosmochim. Acta±~. 1579 (1979). 



Other Puhli.cation;; 

1. L. Pote1·, ' 
Univer;; of 

of Sullur," Ph.JJ. thesis, 
ington, Soottle, 11'1\ (i\ugu;;t 1')79). 

2. 1~. illeycr, "Urca··Formaldchnle Rosin;;," (i\dchson 
, Reading, illassachusetts, 1 979) . 

3. B. , "Formaldelwde Release from Urea-
Formaldehyde ," in Proceedings oC 13th Int. 
Conference on clehoanl; Washington State 
University, Pullman, \V..\, T. , eel., p.Z39, 
(197LJ). 

l. B. illeyer, II. 1\'eek:; oncl B. Jllullikon, "Reaction 
of ;\mmonia \1ith l:xce;;s SuLfur Ilioxicle," LBL-8098, 
accepted for publication in Pho;;phorus and Sulfur. 

2. J3. il!oyE:r, II. \Veek;; and B. \lulliken, "Reacti.on 
o[ Sulfur Dioxide with Excess Ammonia," LBL-8098 A, 

for publication in Phosphorus and Sulfur. 
Sulfur. 

3. ]1!. , L. Peter and B. 
SpE:ctroscopic Determi.notion of 
LBL-9974. 

"Rom<m 
Oxyacicls, 1 ' 

4. B. ill eyer, K. 1\oo and 1V. Johns, "Fonnalclehyde 
Release from Sulfur illocli fied Urea- Follna ldehvde 
P.es.in ," LBL-9:596, acceptE:cl for pub(i.cation 
in Forest Products .Journal. 

S. B. , "Elemental Sulfur and Sulfuric i\cid," 
UiL-lJ87S, entries in the 1\'orlcl Fncyclopecli.a, 1980. 

Invited TC!lks 

l. B. ille\·er, "l'ormaldehvcle Release from UF 
SvstE:ms,". 13th Tnt. Conference on Particleboard, 
College of Fngineer , 1\'ashington State Univer-
s s, 1979. 

2. B. illeyer, "Sulfur llioxicle Abatement," U. S. 
Lnvironmcntal Protection ,\gencv, Cincinnati, Ohio, 
April lJ, 1 9'79. 

S:ll 

3. B. llleyer, ''Energy 
Federal fn;;ti tute for 
gcn, ~lay 

and Environmental 
Reactor ReseCirch, 
28, 1979. 

Chemistry," 
1\'uhrcn lin· 

4. B. 
Clemson 

of Sulfur Dioxide," 

S. B. , "Redox Disproportionation of Sulfur 
(IV), 11 Gas DE:sulfuri zation Conference, 1\lorgantoM1, 

West .June 7-8, 1979. 

6. B. llleyer, "Consultation on Sulfur Utilization," 
Conference and Field Demonstration of Sulfur 
Utilization in Ilighway Construction. (Sponsored 
by FITiva), Southwest Research Institute, San Antonio, 
Texas, 9-10, 1979. 

7. ill. Ilinnawi and B. illeyer, "Sulfa to Complexes of 
Copper, Silver and Cold," ACS National 
Washington, D.C., September 11, 1979. 

8. L. Peter and B. illeyer, "Structure of Aqueous 
Dithionite and Dithionite Salts," 1\CS National 

, 11'ashington, D.C., September 12, 1979. 

9. M. Ospina and B. Meyer, "Raman Spectroscopic 
Determination of Su1 fur Ox;rions," ACS Nati.ona1 

, \vashington, D.C., September 13, 1979. 

10. H. J\ieeks, B. Jllulliken and B. Meyer, "The 
Reaction of Ammonia Hith Sulfur Dioxide," ACS 
National Meeting, Washington, D.C., September 13, 
1979. 

11. B. Jllcyer, "RE:clox Eeactions of Sulfur Oxyacicls ," 
lllonsanto Chemical Co. , St. Louis, Missouri, 
September 27, 1979. 

12. B. llleyer, "Chemistry of UF Resins and F 
Release," Hearing: State of California, Joint 

i\uclit Committee, Sacramento, Ci\, 
November 8, 1979. 

13. B. , "Chemistry of Fonnalclehycle," 
Hearing: U.S. Consumer Product Commission, 
Portland, Oregon, December 13, 1979. 



c. Coal 

Heinz Heinemann, Investigator 

l. CATALYTIC CRACKINC OF n-HEXADECANE 

1V. McKee, A. T. Bell, and Heinz Heinemann 

i\ study 1vas undertaken to determine the effect 
of liquid ~Yater on the rate and product distribu
tion obtained in the catalytic cracking of n
hexaclecane over silica -ahunina t)1Je catalysts. The 
hypothesis that an increase in Bri:insteclt acid sites 
might enhance cracking was not supported. In fact, 
the rate of cracking was less in the presence than 
in the absence of water. Two interesting observa
tions were; made: (1) Cracking occurred, though 
at very low conversions, at temperatures as low as 
250°C. This has not been observed previously, 
probably clue to lack of analytical tools to identi
fy very small amounts of products. (2) While all 
of four tested more conversion in 

conversion was, 

A) 

8) 

__ _A_ 
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as expected, a f'-mction of acid 
catalyst, one catalyst (Catalyst i\: 
25% alumina) gave a very different 
bution in the presence of water. All other 
catalysts in the presence or absence of water (and 
the A in the absence of water) showed 
product paraffin/olefin and straight chain/branched 
chain ratios consistent with a carbonitun ion 
mechanism. Catalyst J\ in the presence of water 
gave product characteristics indicative of free 
radical cracking. Figure 1 shows the differences 
in product distribution. The gas chromatogram in 
(A) is for use of catalyst J\ in the absence and in 
(B) in the presence of water. The phenomenon 
observed has not yet been explained. Addition of 
a trace of an olefin to n-hexadecane in the 
presence of water to initiate carbonillin ion forma
tion did not change the appearance of a free radi
cal t)1Je product distribution. 

0 ~Linear Olefin 
P ~Linear Paraffin 

- ____ , ____ _ 

C13 , 
-1 

. 1. Gas chromatogram of liquid products from n-hexaclecane over 
1vater. (B) Presence of water. 

1\. (A) Absence of 
(XBL 798 10837) 

<!.:. 

This ~York 1vas supported by the Office of Fossil 
through the Pittsburgh Technology 

Center, U. S. Department of Energy. 



2. FIXED BED Ai'-JD SUSPENSION BED FISCHER-TROPSCI-I 
REACTION 

W. McKee, A. T. Bell, and Heinz I-leinemaim 

An isothcmnal reactor has been built, consisting 
of a very small diameter reactor tube connected to 
a high pressure flow system and maintained in a 
fluidized sand bath. Because of the high surface/ 
volume ratio, exothermic reactions can be carried 
out without appreciable temperature rise in the 
reactor. This equipment will be used for research 
plam1ecl for 1980. 

RESEARCH PLA1\JS FOR CALENDAR YEAR 1980 

The major emphasis will be directed toward 
determining causes for the different behavior of 
a gas-solid reaction compared to a gas-solid 
entrained liquid reaction in the Fischer-Tropsch 
reaction. It is knoMl that the so-called "Kolbel" 
reactor can tolerate much higher CO/Hz ratios 
than a gas-solid reactor. This is of major 
industrial importance, but the reasons for this 
behavior are not understood. They may rest in 
close temperature control; in dissolving coke or 
wax precursors in the liquid; or in different 
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diffusion rates of CO and Hz from the liquid to 
the catalyst. Once causes of reactor behavior 
have been explained, better reactor and 
use of more active catalysts may become possible. 

1979 PUBLICATIONS AND REPORTS 

Invited Talks 

1. Heinz Heinemann, "Conversion of Methanol to 
Gasoline," Chemical Engineering Seminar, University 
of Califomia, Berkeley. 

2. Heinz I-Ieinemenn, "Shape Selective Catalysis," 
Catholic University of Louvain, Belgium. 

3. Heinz Heinemmm, "Major Industrial Catalytic 
Breakthroughs During the Last 40 years," Catholic 
University of Louvain. 

4. Heinz Heinemann, "Chemistry of the Conversion 
of Methanol to Hydrocarbons," Riks University, 
Gent, Belgium. 

5. Heinz Heinemann, ''Chemicals Production From 
Coal," University of Liege, Belgiwn. 
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d. Properties of Chemical Species in Nuclear Waste* 

N. Edelstein, S. D. Brown, and R. J. Silva, Investigators 

1. THEORETICAL STUDIES OF ivlET/\L COMPLEXATION AT 
S'U\.TIONARY ELECTRODES 

R. M. Corn and S. D. Brown 

The desire for a bettGr understanding of the 
and adsorption properties of trace metals 

has to attempts at identi.fying chemical spec1es 
in dilute solution and defining their complexation 
thennodynamics. This is particularly true for the 
actintdes involved in nuclear fuels, in view of 
their long llves and potential toXJcity. 

During the last six months, we havG begun a 
study of the solution of the actinides, con-
centratmg our efforts on geologically significant 
ligands. At the start of th1s work it was observed 
that, nunerous other studies of metal com
plexation using stationary electrodes, no theoret
ical basis existed. In fact, all previous work 
relied on rh2ories suited to polarographic boundary 
conditions ' and these are not suited to stationary 
electrodes, \vhere diffusion complicates the electro
chemical response and produces asymnetric peaks. 

To provide a sound theoretical basis for the 
analysis of our data, we have obtained equations 
that the response of the system as a func-
tion metal-ligand thennodynamics and substitu-
tional kinetics. 

The theory mvolves an adaptation of the work of 
Saveant3 and Oldham,4 who convolute the linear scan 
wavefonn with t -1/2, which removes the effects of 
semi- infinite diffusion and allows the solution of 
the Fick equations, with appropriate boundary condi
tions , to give : 

E r + RT Q.n(m*-m(E)) 
= El/2 nF m(E) 

\vhere E is the potential, E~12 is the reversi~le. 
half-wave potential, m" 1s a constant, and m(E) 1s 
g1ven by: 

rrl/2 J~ i (y) ely 
bi IE=Y 

m(E) 

the convolution integral. Equation 1 describes a 
wave called the semi-integral analogous to a polaro
graphic wave. The derivation of this equation pro
duces a peak centered at Ef;z' namely: 

c (E) 
_ elm 
- dE 

2 2 , , 
n F Av Do 2 nF r 
~-4]\_T_._ scch RT (E-El/2) 

Figure La shows a typical linear scan voltanunogram, 
and . lb the plot of the semiderivative e(E). 

In a similar fashion to the derivation of Eqs. 1 
and 3, equations considering complexation can be 
derived, as these may be considered as cases where 

* This work was supported the Battelle Project 
Management Division, of Nuclear Waste 
Isolation, U. S. Department of Energy. 
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Fig. 1. (a) Typical LLnear scan voltcmunogram for 
caclJJ]ium. (b) Result of convolution of (a) with 
t-1;2 and subsequent differentiation. 

(XBL 7910-4540) 

the chemical react.i.on the electrochemical 
transfer. For cases where the rate of 
substitution is high, cmd only one complex 

exists, the following is observed: 

RT P 
-F .Q.n(l + B aL) n ~ p 

which is analogous to the Ling;me equation in classi
cal polarography .1 For slower rates of ligand sub
stitution, the equation predicts an asynunetry in 
e(E) that is related to the exchange kinetics for 
the metal complex. For substitutionally inert 
ligands (on the clectrochcnucal tili1escale), no sig
nal is expected. 



53S 

For many labile complexes, the DeFord -Hwne rela
tionship2 is obtained: 

r RT 
I'IE1/2 nF £n FO (L) 

where F 0 is defined by: 

F 
0 

Similar e:x1Jressions were derived for electrochemi
cally irreversible complexes. 

* * * 

1. J. J. Lingane, Chem. Rev. 29, 1 (1941). 
2. D. D. DeFord and D. N. Hwn8; J. Am. Chem. Soc. 
73 5321 (1951). 

C. P. Andrieux, L. Nadjo, and J. M. Saveant, 
J. Electroana1. Chem. 26, 147 (1970). 
4. M. Grenners and K.B. Oldham, l\nal. Chem. 44, 
1121 (1972) . 

2. EVALUATION OF METAL COMPLEXATION KINETICS AND 
THERMODYNAMICS AT THE HANGING MERCURY DROP ELECTRODE-r 

J. J. Toman, R. M. Com, and S. D. Brown 

To test the theoretical predictions of our theory 
of metal complex analysis using convolution poten
tial voltammetry, we studied two model systems. 

The first of these systems, the Cd+2/Cl- system, 
is a reversible system with fairly well-known forma
tion constants. This system is interesting because 
all tbree of the constants for the CdCl+, CdCl2, and 
CdCl3 species are of approximately the same magni
tude. Previous workl has sho>vn that the usual anal
yses of polarographic half-wave potential vs. ligand 
activity plots are especially sensitive to the pre
cision in determining Et';2 values. For determina
tions of sequential staEili ty constants of similar 
magnitu2e, at least 0.4 mV precision is required. 
The Cd+ /Cl- system thus critically tests our mea
sured reproducibility for electrochemically revers
ible systems. 

+3 2-The second system studied was the Eu ;so4 system. 
Although this system is p~~rly understood, a fair 
amount lS known on the Eu ion. Th1s system was 
chosen as a good model of a typical actinide (III) 
solution as it was expected to be quite irreversible 
electrochemically. 

Both studies were carried out using a PAJ\. 173 
potentiostat interfaced to an LSI 11/2 laboratory 
microcomputer. Usually, the scans were collected, 
averaged, and a 256 or 512 point convolution taken. 
From the experimental half-wave potentials obtained, 
the species present and their respective stability 
constants were determined by polynomial regression 
techniques. 

+2 -
The Cd /Cl syst:~ Has ~~served to fit a three-

speC1es model for 10 M Cd in 1. 0 M lOnic 
strength l J<N03 ) solution, over ligand concentra
tions ranging from 0. 1 M Cl- to 10 M Cl-. Table 1 

Table 1. Stability constants for Cd-Cl complexes. 

Run Supporting Stability Regression 
electrolyte constants constant 

1 I!vl K N03 19.0,30,16 0.987 

2 IM K N03 17.1,27,15 0.985 

Literature(2) IM NaCl04 18.3,49,34 

reports the stability constants observed for two 
consecutive runs, and compares them with the liter
ature results. 

A typical plot of the experimental data is shown 
in Fig. 1. Considering the difference in supporting 
electrolytes, the data agree very well, thus indi
cating that our computer-controlled convolution 
voltammetry technique is well- sui ted to accurate 
determination of stability constants. 

+3 2-For the Eu /S04 system, a one-species model 
fits the data best, as shown in Fig. 2. Runs w1re 
made on 1Q~4M Eu+3 in 1. 2M NaCl04 containing so4-
concentrat1ons rangmg ±rom 0. 5 to 1. 2 M. The smgle 
species observed was Eu(S04)Z with a stability con
stant, S2, of 1. 01 x 103. Similar values are ob
served in the literature, indicating the suitability 
of our approach to irreversible system. 
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Flg. 1. DeFord-Hume plot of Cd - C1 complexation. 
Ionic strength was controlled at 100 M with KN0 3, 
pH= 5.00. Graphic evaluation of the stability 
constants is shown. (XBL 7910-4513) 
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(XBL 7910- 4538) 

of,· * * 

+ 
'Brief version of Topical Report, submitted to OMVI, 
October 1979. 

1. L. N. Klatt and R. L. Rouseff, Anal. Chem. 42, 
1234 (1970). 
2. G. A. Heath and G. Hefter, J. Electroanal. Chem. 
84, 295 (1977). 
3:- L. G. Sillen and A. E. Martell, Spec. Pub. No. 
11, Chem. Society, London, 1964. 

RESEARCH PLANS FOR CALENDAR Yf:A.R 1980 

The purpose of this program is to :investigate 
the thennodynamic properties of anticipated actin
ide and fission product ions and the compounds they 
may fonn in geologic environments so that their 
chemical behavior, and potential migration, in a 
nuclear waste setting can be assessed with improved 
capability. 

A number of laboratory studies w.ill be under
taken to obtain data concerning species, oxidation 
states, effect of complexing ligands, and other 
related infonnation. Such data will contribute 
to a better of the chemical systems 
that may be involved in various geologic media and 
will furnish more reliable input parameters for 
radionuclide studies. 

Among the problems to be addressed are: 

(1) Identification of the principle monomeric 
and polynuclear chemical species fonned in aqueous 
solution as a function of pH, temperature, ionic 
strength, concentration of radionuclides, and con
centration of environmentally important complexing 
ligands. 
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(2) Measurement of the fonnation constants for 
the above species. 

(3) Determination of the oxidation states of the 
various radionuclide ions as a function of pH, Eh, 
and the composition of the solution. 

(4) Determination of the conditions for colloid
al polymer fonnation and the nature of the colloids. 
This work would include studies of the effects of 
pH, composit10n of solution, and other important 
parameters of the system on polymer formations. 

Electrochemical techniques are being widely used 
in these studies. For CY 1980 the following activi
ties are planned: 

(1) Extend studies on the effects of complexa
tion to other wavefonns and to anodic stripping 
analysis. 

(2) Investigate the trace electrochemical analy
ses of actinide species on various electrode sur
faces. 

(3) Initiate studies on the Pu(IV) system with 
hydroxide, carbonate, and phosphate ligands. 

In addition, studies are being initiated on 
the solubilities of americium hydroxide and ameri
cium carbonate by radiochemical tracer techniques. 

1979 PUBLICATIONS AND REPORTS 

Refereed Journals 

t 
1. S. D. Brown and B. R. Kowalski, ''!vlinicomputer-

Controlled, Background-Subtracted Anodic Stripping 
Volta.mmetry," Anal. Chim. Acta. 107, 13 (1979). 
2. S. D. Brmm and B. R. Kowalski, "Pseudopolaro
graphic Determination of Metal-Complex Stability 
Constants," Anal. Che.m. (in press) . 

Invited 

1. S. D. Brown, "Voltammetric determination of 
.metal stability constants," Department of Environ
mental Sciences, University of California-Riverside, 
February 1979. 

2. S. D. Brown, "Kinetic limitations to detennina
tlOn of stability constants by voltamnetry ," Depart
ment of Civil Engmeering, University of Washington, 
April 1979. 

3. S. D. Brown, "Actinide speciation studies," 
Department of Nuclear Engineering, Unversity of 
Califonlia-Berkeley, October 1979. 

* * * 

-!-Supported by the Office of Naval Research and 
by the American Chemical Society. 
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e. High Strength Austenitic Alloys for Generator Retaining Rings* 

J. W. Morris, Jr. and G. Thomas, Investigators 

Introduction. The purpose of this project is 
to provide fundamental research support to a com
panion alloy development effort (also sponsored by 
the Electric PoHer Research Institute) for the 
design of ultra-high strength austenitic steels for 
use in the retaining rings of two-pole (fossil 
fuel) electrical generators. Research in the com
panion project has led to the invention of Fe-based 
superalloys which combine high room temperature 
strength (>200 ksi yield) with good touglmess and 
hydrogen resistance. The present project addresses 
the fw1damental metallurgy of these alloys and 
metallurgical devices for improving them. Re 
search during the past year particularly addressed 
relevant precipitation reactions. 

l. PRECIPITATIONS Hi\RDENING IN Fe-Ni BASE 
AUSTENITIC AlLOYS'f 

K. ~!. Chang 

The precipitation of metastable Ni3X phases in 
the austenitic Fe-Ni-base alloys has been investi
gated by using various combinations of hardening 
elements, including Ti, Al, and l\'b. The theore-
tical background on the formation of the Ll2 t)~e, 
y', and DOz2 type, y", transition precipitates has 
been summarized based on three controlling factors: 
atomic size, compressibility, and electron/atom 
ratio. A model for their appearance is proposed 
from an analysis of static concentration Haves 
ordering the fcc lattice. It is established ex
perimentally that the ordered structure of meta
stable precipitates will change from the triangular
ly ordered y', to the rectangularly ordered y", as 
the atomic ratio (Ti+Al)/(Ta+Nb) decreases. The 
concurrent precipitation of y' and y" occurs at 
7 50°C when the ratio is between l. 5 and l. 9. 

The behavior of these alloys was studied 
over the temperature range of 500°C to 900°C. 
Typical hardness curves show a substantial har
dening effect due to precipitation. An excellent 
combination of strength and fracture toughness 
can be developed by employing double aging tech
niques. It is found by transmission electron 
microscopy (TEJ\1) that the growth of these coherent 
intermediate precipitates follows the p01ver law 
with the aging ti7e:tl/3 for the spherical y' 
particles; and t 1 2 for the disc- shaped y''. The 
equilibrium phase is observed to be able to nucle-
ate on the surface of imbedded carbic',es . l). 

The addition of 5 1vt. % Cr to the age- hardened 
alloys provides a non-magnetic austenite which is 
stable against the fonnation of mechanically 
induced martensite. It has been shown that the Cr 

* This work was supported by the Electric Power 
Research Institute (EPRI), through the Lawrence 
Berkeley Laboratory. 

Fig. 1. Dark field electron micrographs showing 
(a) spherical y' precipitates and (b) disc-shaped 
y" precipitates in an Fe-basecl superalloy. 

(XBB 793-3351) 

addition retards the aging kinetics of the pre
cipitation reactions, and also suppresses inter

embrittlement caused by the high tempera
ture solution anneal. The agi.ng kinetics are also 
found to be influenced by solution annealing 
treatments. 

* "}; * 

'fBrief version of LBL-9208. 

RESEi\RCH PL!'v\JS FOR CALEl'mAR YEAR 1980 

The present project is scheduled to be completed 
by July, 1980. In the interim three items of work 
will be undertaken: 

(1) A continuation of present investigations on 
the flmdamentals of precipitation reactions in 
these Fe-basecl superalloys. 

(2) and characterization of a scaled-up 
ingot of new superalloy now being cast. 

(3) Collaboration 1vith EPRI in the implementa
tion of an application program to manufacture a 
protot)~C ring. 

1979 PUBLICATIONS AND REPORTS 

Other Publications 

l. K. M. , J. Y. Koo, J. \V. ~!orris, Jr., and 
G. Thomas, i\nn. Electron Mtcroscopy Soc. Am., 
San Antonio, Texas, August, 1979, LBL-10127. 



LBL 

l. Keh-Minn Chang, Ph.D. thesis, "Precipitation 
Hardening in Fe-Ni Base Austenitic Alloys," 
LBL-9208. 
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2. K. M. Chang, D. H. Klalm, S. Jin, G. TI1omas, 
and J. IV. Morris, Jr., "Heat Treat:nent and 
Mechanical Properties of a Ta-Moclifiecl Fe-Base 
Superalloy," to be published in Met. Trans. , 
LBL-9799. 



539 

f. Oxygen Reduction in Concentrated Acid by 
Pt 

Philip N. Ross, Investigator 

1. O~'YGEN REDUCTION IN CONCENTRt'\TED PHOSPHORIC 
ACID BY CARBON-SUPPORTED PT ALLOY CATALYSTS 

Philip N. Ross 

First electric utility fuel cell 
power plants are limited by the perfonnance and 
life capabilities of the phosphoric acid cathode. 
The cathodes are basically carbon structures 1vith 
very small quantities of highly platinum 
deDosited on the surface. In such structures the 
carbon is to have high electronic conduc-
tivity, high surface area, and corrosion (oxida
tion) resistance. Simultaneously, it is desired 
that the (carbon) substrate inhibit the coalescence 
of platinum This coalescence causes 
a reduction in surface area with a resulting loss 
in performance. In general, it is difficult to 
maximize platinum surface area and minimize carbon 
corrosion simultaneously. It would be desirable 
to use a metallic catalyst which is more strongly 
bonded to the carbon substrate than pure platinum, 
so that its tendency to migrate on the surface is 
less. An increase in metal-metal bonding may 
imply an increase in surface energy (hardness), 
giving less tendency to sinter if migration does 
occur. Simultaneously, this increase in metallic 
bonding may have an advantageous effect on catalyt
ic properties. Equally, if one metallic catalyst 
is a platinum alloy, its method of preparation may 
be such that in alloying the second metal, the 
carbon support is oxidized and the chemical pre
corrosion of the carbon may remove weaker areas 
of the surface before innnersion in the fuel cell 
electrolyte. Hence, an enJ1anced corrosion resist-
ance would be especially if initially 
resistm1t carbon precursors are used. 

It is the purpose of this study to investigate 
alloys of platinwn of an intennetallic type, 
whose metallic bonding is enhanced compared with 
the parent metal, as fuel cell electrocatalysts. 

T11e Preparation of Carbon Supported Alloys. 
Alloying constituents. were-chosen that-are known 
to form intennetallic compounds with Pt of the 
type IvlPt 3 , whose structure type is generally 
either AuCu3 or TiNi:) (hcp). TI1e Pt-Group 
IVb and Vb oinary systems form intennetallic 
compounds of this type at 70-80 a/ o Pt with free 
energies of fomation (-200 to -420 kJ/mol)l that 
indicate strong platinwn-base metal bonding. 
Other constituents of interest that re-
sult in (bonding) interactions are Al, \V 
and Re. 111ese 1vere examined to provide a compari
son with the strongly interacting elements. A 
procedure was developed for preparing these 
binary systems as small (3-5 nm) metallic clusters 
dispersed on a conductive carbon substrate. Vulcan 

~~--~--~--

Tl1is work was supported by the Electric Power 
Research lnstitute (EPRI), through the Lawrence 
Berkeley Laboratory. 

XC-72 R (Cabot Corp.) carbon black was impregnated 
with platinwn to 10 wjo by use of a colloidal 
method.2 The alloy metal of interest was deposited 
(as hydrated oxide) onto the carbon by precipita
tion from chloride solution with anm1onium hydrox
ide. 111e binary alloy was fonned by heat 
the most probably reaction sequence is 

x/2 COz + MC + 3Pt 

Characterization of the Alloy Catalysts. That 
small alloy (lntennetallic) clusters were indeed 
formed on the carbon surface was confirmed by de
tailed structure analysis using x-ray diffraction 
(XRD) and transmission electron microscopy (TEM). 
Lattice imaging by TEiv! confirmed the existence of 
metallic clusters, of mean diameter 3-5 nm, of a 
single phase. Lattice parameters were measured 
using standard x-ray powder diffraction methods. 
The structure m1d composition of the alloys 
(intermetallics) studied so far are sununarized 
m Tables 1 and 2. 

Detemination of Catalytic Activity. For the 
purposes of initial screening of catalytic activi
ty, the catalysts were fabricated into poly
tetrafluorinated ethylene (PTFE)--bonded gas 
diffusion electrodes of the type used in conllller
cial phosphoric acid fuel cells. Steady-state 
current-potential curves for oxygen reduction 
were measured in a conventional three electrode 
half-cell using a galvm1ostatic method. Pt-Al, 

Table l. Characterization of supported Pt-Group 
IVb and Group Vb alloys and intermetal
lics by x-ray diffraction. 

Lattice Est. Crystallite 
Alloy Phases Parameter Composition 

Pt-Ti fcc 3.906A 25 a/o Ti 6 nm 
Ti Pt3 

Pt-Zr fcc 3.958 20 a/o Zr 4 
"Zr Pt4" 

Pt-Hf fcc 3.955 20 a/o Hf 4 
"Hf Pt4" 

Pt-V fcc 3.888 20 a/o V 3.5 
sol. solu. 

Pt-Nb fcc 3.963 20 a/o Nb 5 
sol. solu. 

Pt-Ta fcc 3.965 20 a/o Ta 5 
sol. solu. 



Table 2. Characterization of other supported Pt 
alloys by x-ray diffraction. 

S40 

Lattice Est. Crystallite 
Alloy Phases Parameter Composition Size 

Pt-A1 fcc 3.896 10-15 a/o A1 3.0 nm 
sol. solu. 

Pt-W fcc 3.914 ca. 40 a/o W 5.5 
sol. solu. 

Pt-Re fcc 3.905 ca. 40 a/o Re 6.0 
soL so1u. 

Pt-W and Pt-Re alloys did not produce stable 
polarization curves in H3P04 at 430-460 K. Pt-Ti, 
Pt-Zr and Pt-Hf produced current-potential curves 
close to those for the standard pure Pt catalyst. 
Pt-V and Pt-Ta had a significantly higher catalytic 
activity for OAygen reduction than the standard 
pure Pt catalyst, as the curve in Fig. 1 clearly 
shows. The activation energy for the Pt-Group 
Vb alloys is 9. 7 l<J /mol lower than that for pure 
Pt. We postulate that tne lower activation energy 
on these alloys is due to a change in the energy 
of adsorption of intermediates on the bimetallic 
surface brought about by an electronic structure 
altered (from pure Pt) by strong intermetallic 
bonding. 

* * * 
1. P. Meschter and W. Worrell, ~let. Trans. A 7, 
299 (1976); ibid.' 8, 503 (1977). 
2. Proprietary material provided by and used 
with permission of the Prototech Corporation. 

RESEARCH PIANS FOR CALEl'mAR YEAR 1980. 

The three most catalytically active alloys (Zr, 
V, Ta) have been selected for further development. 
Preparation methods and the electrode structures 
need to be optimized. Long term testing as cath
odes in subscale fuel cells is required to deter
mine changes in the rates of surface area loss and 
platinu~l dissolution due to alloying. It is 
anticipated that further development of these 
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Electrode potential (V vs. RHE) 

Fig. 1. Current-potential curves for oxygen 
reduction on a standard Pt catalyst and on 
catalytically 1nore active Pt intermetallic cata
lysts. 443 K, 95 w/o I-!3Po4, pure oxygen, 0.2 
mg/cm2 loading of Pt. · (XBL 802-258) 

alloys will be done in cooperation with a commer
cial subcontractor. 

Extensive fundamental studies will be necessary 
in order to detennine more clearly why these plati
num alloys are better electrocatalysts. These 
fundamental studies will be conducted in 1980 as 
part of the research program funded by the Division 
of Fossil Fuel Utilization of DOE. 

New work on the kinetics of oxygen reduction 
on platinum and selected platinum intennetallics 
in strong polymeric acid electrolytes (e.g., 
tetrafluoroethane disulfonic acid) will be 
initiated in 1980. 
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g. Substructure and Properties of Sodium Beta Alumina Solid Electrolytes* 

L. C. De Jonghe, Investigator 

Introduction. About 12 years ago, a high energy 
density battery was conceived at Ford ~rotor Company 
using molten sodiwn and sodium polysulfides as an 
electrochemical couple and sodiwn beta alwnina as 
a solid electrolyte separator. This battery has 
now evolved to a stage where large-scale conuner
cial application may be eA.rpected in a few years. 
·n1e importance of high energy density electro
chemical storage systems is derived from their 
potential use as load leveling systems for the 
electric utili ties. Tl1e key ingredient in a 
sodiwn sulfur battery is the solid electrolyte 
separator, sodiwn beta alwnina. TI1e ionic conduc
tivity, mechanical strength, and the lifetime of 
the electrolyte in operating cells depends to a 
significant degree on a number of factors. These 
factors include impurities and microstructures of 
the electrolytes. The present work is aimed at 
clarifying the role of impurities and microstruc
ture in determining the in-cell lifetime of the 
solid electrolyte sodiwn beta alwnina. 

l. BRf_AKDOWN STUDIESt 

A. Buechele, L. Feldman, and L. C. De Jonghe 

It has been established that under certain con
ditions of ionic current, temperature and electro
lyte composition a breakdoMl can occur in sodiwn 
beta aluminas the penetration of metallic 
sodiwn into the bulk the electrolvte.l This 
metal penetration, and the crack-like features 
thought to be associated with it, has been modeled 
by several workers. 2 To examine the validity 
of the models, a number of experiments were per
fanned in which breakdown was induced, both at 
300°C and at room temperature, with blocking and 
11'i th non-blocking electrodes. 

+ were subjected to a high Na 
Na+ electrodes (NaN03-NaNOz eutectic) 

The electrolytes were tonstncted in 
the center so as to give a high bulk current 
density, but a low electrode current density. 

Increasing currents were passed through samples 
until a blackening, accompanying the DC breakdown, 
was seen to rapidly from the negative 
electrode. of the sample revealed that 
the had started at a point where the 
Kovar reservoir was welded directly to 
the electrolyte, providing a Na+ blocking site 
with electron injection. The geometry of the 
breakdown shmm in . 1 strongly suggests that 
the Na metal is not readily described 
in ten1s of a filled crack propa-
gating ·n1e material appearing 

;,This work was supported by the Electric Power 
Research Institute (EPRI), through the Lm,rrence 
Berkeley Laboratory. 

Fig. 1. Geometry of the 300°C, DC breakdown after 
partial propagation of degradation. The degrada
tion apparently initiated at the where the 
Kovar reservoir welded to the electrolyte (arrow 
at lower right comer). (XBB 7812-l 

clark a_nd rather shapeless in these electron micro
graphs was identified as soclitun carbonate. It can 
be attributed to the reaction of the metallic 
sodium with the atmosphere upon thin foil prepara
tion. The soditun carbonates can thus be conceived 
of as "reli_cs" of the metallic sodiwn that formed 
in the degradation process. Interestingly, both 
transgranular and intergranular degradation is 
observed. T11e transmission electron microscopy 
thus strongly suggests that the sodium filled 
crack morphology is a highly branched one in which 
the crack is deflected, as one would expect, by 
microstructural features. No other compounds, such 
as sodiwn alluninates or alwnina were fotmd to be 
associated with this degradation. 

The center of the samples 1vas also studied by 
means of transmission electron microscopy. No 
traces of breakdown were found, even for electro
lytes that had withstood a local ion current 
density of about 10 A/cm2 for 1 hour. We conclude 
that intrinsic degradation, i.G., decomposition 
away from electrodes when electron injection is 
absent, does not occur in beta aluminas. 



Small single crystals, 0.1 em x 0.1 em x 1 em 
>vere cleaved from a larger The cleavage 
plane is the conduction plane. Na metal formation 
was initiated and the Na filled crack 
was studied directly with optical 
microscopy, as shown in . 2, The examinations 

Fig. 2. Optical interferometry revealing the 
structure of a sodium filled cleavage crack induced 
by direct current passage through a single crystal 
of soditun beta alcunina. (XBB /'811-14127) 

indicated that the crack must be filled with metal
lic sodium from its steps, or crack rivermarks 
that intersect many conduction planes. The ob
servations indicate that in modeling beta ahunina 
breakdm,IJl progression, one cannot simply assume 
that the crack is only tip , as is necessary 
in stress corrosion models. 

r Brief version of lllat. Res. Bull. 14, 589 (1979). 
l. R. D. Armstrong, T. Dickinson,and J. Turner, 
Electrochim. Acta 19, 187 (1974). 
2. R. Richman, G.-J. Tennenhouse, J. Am. Coram. 
Soc.~~' 63 (1975). 
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2. LOCi'\L ELECTRODE CURRENT DENSITIES 

L. C. De Jonghe and L. Feldman 

The initiation of DC breakclmm in beta alumina 
has been fow1cl to occur above a critical electrode 
current density level. 1\hile the actual value of 
this current density threshold is not well estab
lished, it can be reasonably postulated that local 
current excursions above the macroscopic average 
current at the sodium/beta alcunina electrolyte 
interface will enhance the probability of failure 
initiation. In an effort to the microin-
homogeneity of the electrode/electrolyte current 
distribution to light, a decoration method was 
devised revealing the local ionic current den-
sities qualitatively. In this method, is 
electrolyzed for a few seconds at an electrode po-
tential of 16 volts, into a beta alumina 
polycrystalline sample. The electrodes are silver 
nitrate solutions. yv11ere Ag+ is to enter 
the beta-alumina, to replace the ions, silver 
metal deposits instead. M1ile the details of the 
deposition mechanism have not been 
it appears that rather than enters the 
beta alcunina thereby pennitting the 
generated orr at the electrolyte/electrode inter
face to donate an electron to the Ag+ ions. For 
the initial stages of this reaction the rate of the 
H3o+ injection is expected to be pro-
portional to the local current that would 
occur at a reversible sodium/beta alumina inter
face with identical microstructure. 1\hen the 
decorated sample is examined lvith a reflection 
optical microscope, the areas of high silver clepo-
si tion appear bright. TI1is is shmm in . 1. 

. 1. Beta alumina solid electrolyte sample 
decorated by silver The large 
appearing dark in this micrograph to 
an area of low local electrode current 

(Xl3B 794-4263) 



Note the large, circular clark in 
the center of the micrograph. A low local elec
trode current clensi ty is indeed to be expected for 
this grain, since beta ahunina is a layer compound 
that is highly anisotropic and does not permit 
ionic conduction in a direction normal to the basal 
planes. For the dark grain, the ion conducting 
basal planes are indeed approximately parallel to 
the interface, thus confi nning that the clark con
trast in the decoration method is related to low 
local current density. It is interesting to note 
that in the large grains regions of high and low 
local current density can be discerned. Such in
homogeneous current flows would indeed be expected 
based on the detailed microstructural observations 
of De Jonghe. 

RESEARCH PUJ'-JS FOR CAl.ENDAR YEAR 1980 

In the coming program year, ex1Jeriments will be 
carried out on sodium-beta" ahunina solid electro
lyte tubes in Na/Na cells at 300°C, and on bars 
above and below the melting point of sodium. TI1e 
degree to ,,1\lich factors, such as surface perfec
tion a.'ld electrolyte microstructure, can affect 
initiation of failure degradation will be studied. 

1979 PUBLICATIONS J\J\JD REPO!US 

Refereed Journals 

l. L. C. De Jonghe, L. Feldman, and P. Millett, 
"Some Geometrical Aspects of Breakdown in Sodituu 
BetaAlcunina,"lllat. Res. Bull., 14,589 (1979). 
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2. L. C. De Jonghe, "Grain Botmdaries and Ionic 
Conrluction in Sodicun Beta Alcunina," J. Ivlat. Sci. , 
.J:i, 33 (1979). 

3. L. C. De Jonghe, "Fast Ion Conductors," J. Am. 
Ceram. Soc. ~' 289 (1979). 

Other Publications 

l. A. Buechele, L. FeldmaJ1, and L. C. De Jonghe, 
"Breakclmvn of S"-Al 203 by DC," Abstract 18-E-79, 
Ceram. Bull. ~' 364 (1979). 

2. L. C. De Jonghe and Edward Goo, "Transient 
Eutectics in Sintering of Sodium Beta Alcunina," in 
"Processing of Crystalline Ceramics," H. Palmour, 
I II, R. F. Davis, aJ1d T. M. Hare, Ed. , Plemnn 
Press, 1978, pp 433-441. 

l. L. C. De Jonghe, "Microstructures, Defects, and 
Sodicun Transport in Sodium Beta Alumina Solid 
Electrolytes," LBL-9802, September 1979. 

Invited Talks 

1. L. C. De Jonghe, "D. C. Breakdown of Sodium 
S-Alumina," University of Utah, Salt Lake City, 
Utah, April 1979. 
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tvlATERIALS AND MOLECULAR RESEARCH DIVISION STAFF - 1979 

Postdoctoral 
Investigators and Other Scientists Graduate Students 

Neil Bartlett G. Beindorf R. Biagioni 
J. Grannec T. Mallouk 
H. I-Iollfelder E. McCarron 
H. Zuclmer B. McQuillan 

F. Tanzella 
s. Yeh 

Robert Bergman L. Stuhl P. Becker 
]1!. Berger 
H. Bryndza 
P. Comita 
E. Evitt 
J. Frommer 
J. Huggins 
A. Janowitz 
w. Jones 
T. Lockhart 
K. Theopold 
M. Wax 

Robert Bragg 0. Adewoye D. Baker 
s. Rao L. Henry 

B. Mehrotra 

Leo Brewer R. Lamoreaux: D. Davis 
C-B. l'-leyer D. Goodman 

B. Lin 
M. Ospino 

Jolm Clarke c. Chi R. Koch 
B. Gregory R. Lee 
T. Lemberger R. Miracky 
D. Van Harlingen D. Seligson 

Marvin Cohen J. Chelikowsky K. Ho 
J. Ihn 
P. Lam 
J. Northrup 
]1!. Yin 

Robert Connick T. Braga D. Horner 
G. Rosenblatt E. Livingston 
T. Tam 

Lutgard DeJonghe J. Porter A. Buechele 
c. Cameron 
M. Chang 
L. Feldman 
s-c. Hu 

Norman Edelstein R. Andersen K. Abu-Dari 
N. Bartlett J. Bucher R. Banks 
J. Conway c. Carrano s. Barclay 
K. Raymond s. Davis c. Berke 
G. Sea borg w. Harris R. Corn 
A. Streitwieser F. Hollander c. Eigenbrot 
D. Templeton s. Jones B. Gilbert 
z. Zalkin E. Juaristi G. Girolami 

c. LeVanda M. Halpern 
R. ll'lcLaughl in T. Hayhurst 
D. Perry E. Hillard 
1-l. Ruben D. Kagan 
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Postdoctoral 
Investigators and Other Scientists Graduate Students 

Nonnan Edelstein (Cont'd) B. Schilling W. Luke 
G. Shalimoff B. Lulu 
s. Simpson tv!. Lyttle 
J. Solar V. tv!ainz 
E. Soulie V. Pecoraro 
B. Spencer G. Phillips 
L. Templeton R. Planalp 
C-I-I. Van Deurzen J. Robbins 
H-K. Wang R. Shinomoto 
F. Weitl K. Smith 
G. Wong W. Smith 
Y-T. Wu R. So fen 

E. Strauss 
R. Tatz 
T. Tilley 
J. Toman 

Anthony Evans W. Kriven W. Blumenthal 
D. !llarshall W. Burlingame 
J. Porter K. Faber 

Y. Fu 
C-H. I-lsueh 
M. Huang 
A. Ran a 
M. Spears 

James Evans J. Little M. Abbasi 
Y. Zundlevich B. Tracy 

Ron Gronsky D. Cockayne J. Briceno-Valero 
P. Rez s. Cheruvu 

E. Kamenetzky 
J. Rose 

Charles Harris H. Auweter lvl. Berg 
A. Campion c. Berman 

J. Chao 
P. Cornelius 
A. Gallo 
s. George 
G. Goncher 
A. Harris 
s. Marks 
H. Robota 
P. Whitmore 

Heinz Heinemann J. Sinclair w. McKee 

Dermis Hess c. Blair 
A. Wakita 
L. William 
D. Wroge 

Carson Jefferies J. Furneaux B. 13lack 
P. Westervelt J. Culbertson 

s. Kelso 
E. Pakulis 
J. Perez 
J. Weiner 

William Jolly H. Chen tvl. Ajmani 
c. Donahue A. Bakke 
T. Lee T. Briggs 
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Postdoctoral 
Investigators and Other Scientists Graduate Students 

~·~--~----~-----

Harold Johnston P. Connell 
J. Girman 
~!. Kowalczyk 
D. Littlejohn 
K. Lubic 
F. ~lagnotta 

\V. Marinelli 
H. Nelson 
J. Podolske 
G. Sehvyn 
s. Solomon 
c. Truesdale 

Yuan Lee R. Buss s. Anderson 
P. Casavecchia R. Baseman 
J. Delgado R. Buss 
D. Gerlich s. Bustamente 
H. Guozhong L. Carlson 
G. He c. Hayden 
T. Hirooka c. Kahler 
F. Houle D. Neumark 
F. I-!uisken s. Sibener 
J. Lizy D. Trevor 
K. Shobatake !vl. Vernon 
R. Sparks 
P. Tiedemann 
Z-J. Zhang 

Alan Levy D. Abdollahi an P-K. Chen 
D. Boone Jvl. DesJardin 
w. Coons T. Foerster 
I. Cornet B. Gordon 
I. Finnie R. Jagaraman 
R. Glardon M. Khatibloo 
lvl. Holt J. Kim 
J. l!LUnphrey s. Li 
T. Jacob P. Liang 
s. Joharunir R. Mayville 
J. Laitone F. Pourahmadi 
M. Landkof J. Raju 
A. Modavi A. Sallman 
D. Rao A. Shaw 
F. Ravitz W. Tsai 
J. Stringer R-J. Yang 
w. Worrell M. Yeung 
M. Yeung w. Yeung 
G. Zambelli 

Bruce Mahan R. Davis 
F. Grieman 
s. Hansen 
A. O'Keefe 
T. Turner 

Richard Marrus D. Dietrich 
H. Gould 
J. Leavitt 
J. Silver 
c. Vane 

William Miller c. Cerjan J. Adams 
G. Herling s. Gray 
II-D. A. Orel 

R. Stratt 
B. Waite 
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C. Bradley ~loore 

John W. Morris, Jr. 

Earl !vluetterties 

Rolf Muller 

John Ne1vmcu1 
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Postdoctoral 
and Other Scientists 

D. Goodall 
A. Kung 
Z. Sabet Imani 

K-M. Chang 
K. Hanson 
A. Khachaturyan 
J. Kim 
D. Klahn 
M. Niikura 
C. Syn 
H. Yamanchi 

R. Gavin 
J. Kouba 
D. Mohajer 
G. Nelson 
J. Stein 
M. Tachikawa 
R. Tau 

F. Schwager 
J. Winnick 

Graduate Students 

A. Abbate 
D. Bamford 
!IL Bennan 
H. Dai 
P. Ho 
F. Hovis 
A. Langford 
W. Natzle 
E. Specht 
J. \Veisshaar 
J. Wong 
L. YOLL'1g 

K. Chang 
S. Chen 
D. Dietderich 
G. Fior Zurlo 
B. Fultz 
T. Herh 
Jvl. Hong 
H. Kim 
H-J. Kim 
J. Kim 
H. Lee 
H-L. Lin 
P. Ling 
K. Mahin 
T. Jvlohri 
B. Neilson 
E. Pundarika 
K. Sakai 
J. Sanchez 
Y-C. Shih 
H. K. Shin 
!IL Strum 
L. Summers 
D. Wedge 
D. Williams 
I -W. Wu 

J. Bleeke 
R. Burch 
H. Choi 
W. Cwirla 
c. Friend 
0 Schmidt LJ. 

K. Shanahan 
A. Sievert 
s. Slater 
Jvl. Tsai 
R. \Vexler 

c. Coughanowr 
J. Farmer 
K. Hanson 
G. Neumann 

c. Law 
Jvl. Matlosz 
]IJ. Orazem 
P. Pollard 
G. Trost 
D. Ullman 
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Postdoctoral 
Investigators and Other Scientists Graduate Students 

Donald Olander M. Balooch D. Dooley 
s. Kokhtev !'-!. Farnaam 
A. lvlachiels K. Kim 
E. Muchowski s. Shann 

D. Shennan 
F. Tehranian 
c. Tsai 
s. Yagnik 
R. Yang 

Joseph Pask J. Bakken N. Aiko 
P. Dokko N. Cassens 
W. Kriven s. Chandratreya 
R. Langston s. Chiang 
J. Moya P. Flaitz 
s. Shiosaki s. Johnson 
P. Spencer D. Miller 
A. Tomsia v. Nagesh 
F. Zhang A. Ran a 

!vi. Sacks 
s. Tso 

Jolm Prausni tz F. Anderson 
E. Larsen 
W. Whiting 

Nonnan Phillips G. Brodale J. Boyer 
E. Hornung w. Fogle 

M. Mayberry 
J. Van Curen 

Alexander Pines L. Mueller G. Drobney 
u. Nitsan R. Eckman 
s. Wolfe J. Gar bow 

J. Murdoch 
s. Sinton 
L. Sterna 
J. Tang 
w. Warren 
D. Weitekamp 
Y-S. Yen 

Kenneth Pitzer P. Christiansen J. Simonson 
Y. Lee 

Paul Richards R. Bailey R. Bailey 
T. Iri J. Bonomo 
E. Kreysa R. Britt 
T. Timusk w. Challener 
J. Tucker s. Chiang 
D. Woody c. Collins 

M. Hues chen 
D. Lambert 
P. Latham 
s. McBride 
W. McGrath 
D. Murphy 
T. Shen 

Moshe Rosen M. Pickus 
J. Wang 

Philip Ross G. Derry 
D. Scherson 
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Postdoctoral 
Investigators and Other Scientists Graduate Students 

Alan Searcy R. Berger T. Dai 
D. Beruto J. Ewing 
A. Buchler M. Huang 
D. Meschi N. Jacobson 
z. Munir G. Knutsen 
G. Spinola T. Reis 

s. Roche 
R. Shukla 

Y. Ron Shen K-C. Chu G. Boyd 
A. DeCastro c. Chen 
P. Motisuke s. Durbin 
J-L. Oudar P. Hislop 
M. Sigrist R. Hsu 

A. Jacobson 
R. Pecyner 
R. Smith 
A. Sudbo 

David A. Shirley W. Brewer A. Baca 
B. Garrison J. Barton 
w. Heppler R. Davis 
z. Hussain D. Denley 
B. Lu s. Kevan 
G. Mason L. Klebanoff 
E. Matthias P. Kobrin 
P. Perfectti D. Lindle 
v. Relm K. Mills 
R. Rosenberg c. Parks 
J. Stohr E. Poliakoff 
G. Thornton J. Pollard 
R. Watson R. Rosenberg 
s. Williams D. Rosenblatt 
N. Winograd s. Southworth 

J. Tobin 
c. Truesdale 
M. White 

Howard Shugart M. Prior P. Bucksbaum 
E. Commins R. Knight w. DeHeer 

P. Dr ell 
L. Hunter 
R. Knight 
P. Latham 

Henry Schaefer J. Goddard B. Brooks 
R. Pitzer D. Fox 
s. So J. Hutchinson 

K. Kim 
w. Laidig 
G. Pittman 
P. Saxe 
w. Swope 
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Postdoctoral 
Investigators and Other Scientists Graduate Students 

Gabor Somorjai H. Arakawa W. Aalbersberg 
A. Bell J. Biber ian J. Baker 
P. Vollhardt w. Brennen R. Blackadar 

A. Daneshrad w. Can ella 
D. Danielson R. Carr 
P. Davies D. Castner 
s. Ferrer s. Ceyer 
J. Frost R. Colborn 
P. Hansma J. Crowell 
M. Lang ell s. Davis 
w. McLean R. Dictor 
H. Nozoye L. Dubois 
s. Sachtler T. Frederick 
w. Tam J. Fritch 
M. Van Hove c. Galik 
P. Watson s. Gandhi 
M. Winter E. Garfunkel 

w. Gillespie 
w. Guthrie 
R. Hicks 
s. Kellner 
R. Koestner 
T-H. Lin 
D. Mobley 
F. Perkins 
A. Sal hi 
s. Salim 
J. Sokol 
D. Stern 
F. Wagner 

Gareth Thomas A. Baker c. Ahn 
K. Easterling J. Ahn 
F. Furrier Y. Belli 
R. Hoel F. Costello 
0. Krivanek u. Dahmen 
c. Kung J-S. Gau 
R. Mishra E. Goo 
M. Mychliaev A. Jhingan 
B. Narasimha Rao N. Kim 
F. Rez K. Kubarych 
R. Sinclair I-N. Lin 

J. Mazur 
A. Nakagawa 
T. O'Neill 
s. Ong 
A. Pelton 
T. Rabe 
L. Rabenberg 
w. Salesky 
M. Sarikaya 
T. Shaw 
M. Sung 
B. Steinberg 
H. Tokushige 
J. Wasynczuk 
F. Williams 
c. Wu 
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Postdoctoral 
Investigators and Other Scientists Graduate Students 

Charles Tobias Y. Geronov c. Coughanowr 
v. Konmenic D. Dees 

J. Faltemier 
K. Hanson 
w. Hui 
A. Kindler 
G. Prentice 
D. Roha 
P. Sides 
T. Tsuda 
s. Yu 

Jack Washburn u. Dahmen B. Chin 
c. Lampert R. Drosd 
D. Sadana A. Forouhi 

T. Huo 
c. Jou 
c. Lampert 
H. Ling 
T. Mowles 
N-R. Wu 

David Whittle I. JUlam H. Akuezue 
M. El Dahshan L. Kingsley 
F. Gesmundo L. McConnell 
0. Goncel A. Misra 
H. !-lin dam P. Risse 
F. Viani s. Shaffer 

F. Yang 

John Winn J. Goble 
B. Hale 
D. Hartman 
W. Hollingsworth 
D. Horak 
H. Luftman 
s. Sherrow 
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Mtv!RD SUPPORT STAFF 

c. Peterson - Division Administrator 
K. !VlcArthur - Assistant Division Administrator 

Administrative Staff 

M. Janzen - Staff Assistant - Administration 
+L. Lizama - Technical Editor 
+c. Webb - Technical Editor 
E. Skrydlinski - Staff Assistant Personnel 
s. Stewart - Staff Assistant - Purchasing 

Clerical and Staff 

J. Amoroso s. Harris L. McGuire 
M. Barsony J. Hayes v. Narasimhan 
M. Bowman L. Irvin M. Norton 
G. Brazil K. Janes c. Payne 
B. Burt D. Jeffery s. Quarello 
B. Carter s. Jennings J. Smith 
M. Chin R. Jones M. Stefonetti 
J. Denney T. Judson c. Sterling 
R. Fletcher K. Krushwitz N. Taylor 
P. Gassler s. Lasarte A. Weightman 
s. Gooden P. Maher K. Wilkinson 
c. Hacker E. McClelland c. Yoder 
A. Harrington R. McCollough 

Technical Staff 

vr '· Toutolmin - Technical Coordinator 

+c. Baum W. Goward +B. McAllister +J. Severns 
J. Barrett H. Harrell L. McCoy D. N. Shirley 
D. Bazell G. Hirsch L. McCullough L. Sindelar 
R. Bellman J. Holthms M. Mulvehill B. Snyder 
J. Bregante J. Jacobsen +D. Newhart H. Sokol 
T. Britt M. Jayko Q. Nguyen R. Stanley 

+rvJ. Brown +L. Johnson A. Noman B. Steakley 
T. Burner M. Johnson J. Pan P. Tevor 
c. Carvalho D. Jurica G. Pap an c. Thom 
M. Clement K. Kostlan G. Papapolymerou A. Tobias 
c. Coulman +D. Krieger +B. Pope M. Trenary 
J. Cox c. Lam J. Posthill P. Trevor 
D. Dietderich L. Lapides c. Ramsay K. Wada 
s. Edwards D. Levitsky J. Randall M. 1\iainger 
M. Elleman J. Lince M. Rasor J. Wallace 
E. Elliott +R. Lindberg W. Reid H. Weeks 
J. Fattaruso M. Lindley A. Ricco P. Westdal 

+K. Frank M. Lipshutz +r-I. Riebe +J. Wodei 
R. Friedman J. Maasberg M. Rigdon w. Wong 
L. Galovich D. MacDonald D. Rosenberg P. Yarnold 
K. Gaugler R. Mackey K. Sakai +rvr. Zbinden 
W. Giba c. Markley I-I. Smvhill 
c. Gosnell s. Masuo J. Sender 

+ LBL Support Staff 
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B 

LIST OF SHIINARS 

Surface and Catalysis Science 

Date 

1-10-79 

1-12-79 

1-17-79 

1-24-79 

1-31-79 

2-7-79 

2-9-79 

2-14-79 

2-21-79 

2-28-79 

3-7-79 

3-14-79 

3-15-79 

3-26-79 

4-4-79 

4-6-79 

4-9-79 

4-18-79 

and Affiliation 

Prof. R. Bergman 
UC-Berkeley 
/villlRD/LawTence Berkeley Laboratory 

Prof. M. Wrighton 
~lassachusetts Institute of Teclmology 

Dr. P. B. Vemuto 
Mobil Research and Development Corp. 

Dr. Farid F. Abrahan 
IBM Research Laboratory 

Prof. David A. Shirley 
UC-Berkeley 
~lf.!RD/Law:rence Berkeley Laboratory 

Dr. C. D. Prater 
Mobil Research and Development 

Prof. Thor N. Rhodin 
Cornell University 

Dr. R. Fischer 
DOE, Washington 

Dr. Carol Amberg 
Carleton University 
Ottawa, Ontario, Canada 

Dr . R. Maddix 
Stanford University 

Dr. John Sinfelt 
Exxon Research and Development 

Dr. N. Smith 
Bell Telephone Labs 

Prof. H. Knozinger 
University of lYlunich 

Dr. R. Feder 
Julich, West Gennany 

Dr. R. T. Lewis 
Chevron Research 

Dr. J. Wei 
Massachusetts Institute of Teclmology 

Dr. M. Sheleff 
Ford Motor Company 

Dr. R. Banks 
Phillips Petroleum 

Seminar Title 

Transfonnation of Organic Compounds Mediated by 
~lono- and Bi-Nuclear Cobalt Complexes 

Semi-Conductor Photoelectrochemistry: 
Chemically Derivitized Photoelectrodes 

Underground in situ Energy Recovery Schemes 
and Processes: Some Interfaces 

Computer Simulation and Theory of Interfaces: 
I. Structure of the Solid-Liquid and Solid

Amorphous Interface 
II. Bond ~1d Strain Energy Effects in Surface 

Segregation 

Surface Structural Studies of Angle-Resolved 
Photoemission: 
1. Electronic Structure of Steps; 
2. Atomic Configuration from Photoelectron 

Diffraction 

Automation of Catalytic Pilot Plants and Computer 
Assisted Data Interpretation of Results 

i\ngle-Resolved Photoemission Studies of Chalcogen 
and Chemisorption on Ni(lll) 

Catalysis in Advanced Development in Coal 
Liquefaction 

Inhibition of I-lydrodesulfurization Over 
Unsupported Sulfide Catalysis 

Oxygen Activated Adsorption on Silver Single 
Crystals 

Catalysis by Metals 

Photoelectron Diffraction Effects from Na, Se and 
Te Atoms Adsorbed on Nickel 

Hydrogenation Catalysts from Molecular Metal 
Carbonyl Clusters Attached to Chemically Modified 
Silicas 

Determination of the Si(lll) (2xL) Surface 
Reconstruction via Dynrunical LEED 

Surface Studies of Catalysis by ISCA 

CO Oxidation Over Platinwn 

Catalyst-Support Interaction, Some New Perspectives 

Olefin Disproportionation 



Date 

4-20-79 

4-25-79 

4-30-79 

5-2-79 

5-9-79 

5-16-79 

5-23-79 

5-30-79 

8-24-79 

8-29-79 

10-3-79 

10-10-79 

10-12-79 

10-17-79 

10-24-79 

10-31-79 

11-7-79 

11-14-79 

11-16-79 

11-28-79 

11-30-79 

and Affiliation 

Dr. Garcia de la Banda 
Spanish Research Council 

Prof. J. B. Butt 
Northwestern University 

Dr. P. B. Weisz 
Mobil Research and Development 

Dr. A. Frermet 
Stanford - Chemical Engineering 

Prof. Earl Muetterties 
UC Berkeley 
MMRD/Lawrence Berkeley Laboratory 

Dr. Leon B. Levy 
Celanese Corporation 

Prof. W. Keith Hall 
University of Wisconsin 

~lr. Steven Sibener 
Lawrence Berkeley Laboratory 

Prof. Kenzi Tamaru 
University of Tokyo 

Prof. Kenzi Tamaru 
University of Tokyo 

Dr. S. W. Wang 
Stanford University 

Prof. G. A. Somorjai 
UC Berkeley 
M1vlRD/Lawrence Berkeley Laboratory 

Dr. Roger Parsons 
Laboratoires Be11evue CNRS 
France 

Prof. M. P. Rosynek 
Texas A & M University 

Dr. W. 0. Haag 
Mobil Research and Development 

Corporation 

Dr. A. J. Nozik 
Solar Energy Research Institute 

Dr. John Gland 
General Motors Research Center 

Dr. 0. R. Hughes 
Celanese Corporation 

Prof. W. 0. !vlilligan 
Welsh Foundation 

Prof. S. W. Weller 
University of New York at Buffalo 

Prof. A. G. Oblad 
University of Utah 
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Seminar Title 

Science and Technology 1n Spain: Present and 
Future Trends 

Modification of Structure Sensitivity of Supported 
Platinum for Some Hydrocarbon Reactions 

Shape Selectivity in Catalysis 

Effect of Ivlul tiple Sites and Competition with 
Hydrogen on the Kinetic Factors of the Adsorption 
Rate of Light Alkanes on Metals 

Chemistry of Transition Metal-Aromatic Hydrocarbon 
Complexes--The Catalytic Hydrogenation of Aromatic 
Hydrocarbons 

Heterogeneous Catalysis at Celanese 

Relationship Between the Surface Chemistry of 
Molybdena-Alumina Catalysts and Their Catalytic 
Function 

The Internal Energy Dependence of Molecular 
Condensation Coefficients 

Carbon Monoxide Hydrogenation Over Ruthenium 
Surfaces 

Ammonia Decomposition on Tungsten 

Surface Penning Ionization: Theory and 
Application as a New Technique for the Analysis 
of Chemisorbed Systems 

Photocatalytic Dissociation of Water 

Structure of the Solid-Electrolyte Interface 

Catalytic and Surface Properties of Activated 
Lanthanum Sesquioxide 

Acid Catalyzed Reactions on Zeolites 

Hot Carrier Effects at Illuminated Semi-Conductor 
Electrolyte Interfaces 

The Interactions of Oxygen 1vith the Platinum (III) 
Surface 

Hydroformylation with Rh Complexes and 
Dipho_;phines 

Structure and Morphology of the Complex ~letal 
Cyanides 

Studies in Catalytic Coal Liquefaction 

Catalytic Steam Reforming of Aromatics 



Date 

12 4-79 

12-5-79 

l-10-79 

l-22-79 

2-9-79 

2-14-79 

3-19-79 

3-23-79 

4-9-79 

4-10-79 

4-25-79 

5-21-79 

6-6-79 

7-12-79 

10-31-79 

ll-19-79 

Speaker and Affihation 

Prof. ~1. Simonetta 
of ~lilan 

Dr. R. Chianelli 
Ex.:wn Research and Engineering Company 

Mr. James lVeisshaar 
Dept. of Chemistry 
UC - Berkeley 
~JlllRD/Lm,Tence Berkeley Laboratory 

Prof. Dudley Herschbach 
Dept. of Chemistry 
Harvard University 

Dr. G. S. Hurst 
Oak National Laboratory 

Prof. P. Pechukas 
Dept. of Chemistry 
Col~nbia University 

Prof. Peter Ortoleva 
Dept. of Chemistry 
Indiana University 

Prof. Kozo Kuchitsu 
Dept. of Chemistry 
University of Tokyo 

Prof. J. J. Turner 
Dept. of Chemistry 
University of Nottingham 
England 

Dr. lllichael V. Berry 
University of Bristol 
England 

Dr. Sheldon Green 
Institute for Space Studies NASA 
Goddard Space Flight Center 

Prof. John Wiesenfeld 
Dept. of Chemistry 
Cornell University 

Prof. E. I. Yablonovitch 
Division of Sciences 
Harvard University 

Dr. Phillip Bunker 
Herzberg Institute of Astrophysics 
Ottawa, Canada 

Dr. Alan Luntz 
IBM Research Laboratory 
San Jose 

Dr. J. Vigue 
Lab. de Spectroscopic Hertzienne 
de L'Ecole Nonnale Superieure 
Paris, France 
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Seminar 

Interactions Between Organic Molecules and Metal 
Surfaces 

Structure and Properties of Molybdenum 
Sulfide Catalytic Materials 

Non-Radiative Decay of Single Rotational Level of 
S1 Fonnaldehycle 

]llultivector Properties of Reaction Dynamics 

Recent Development in One-Atom Detection 

Transition State Theory, Trapped Trajectories, 
and Classical Bound States Embedded in the 
Continu~11 

Non-Equilibrium Order in Physical Chemical Systems 

Chemical Reactions of Highly Excited Rydberg States 

Infrared Laser Induced Chemical Reactions in 
Matrices 

Regular and Irregular Semi -Classical Quant~n 
States 

Exotic Molecules in Space 

Laser Spectroscopy for Photochemists 

Infrared Laser Induced Unimolecular Reactions 

Molecular Symmetries 

Reaction Dynamics of Oxygen Atoms with 
Hydrocarbons 

Optical Pumping of Molecules 



Miscellaneous 

Date 

2-22-79 

4-23-79 

8-21-79 

9-5-79 

9-10-79 

10-2-79 

Speaker and Affiliation 

Dr. Kirk IV. Beach 
School of t'ledicine 
University of Washington 

Prof. Sigrid Peyerimhoff 
Department of Chemistry 
University of Bonn, 

Dr. Herb S. Bennett 
Division Director 
National Science Fow1dation 

Dr. 0. 0. Adewoye 
Department of Physics 
University of Ife, Nigeria 

J. Winnick, P. Ross 
Lawrence Berkeley Laboratory 

Prof. W. Plieth 
Institute of Physical Chemistry 
Free University, Berlin 
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Seminar Title 

Non-Invasive Techniques in the Diagnosis of Carotid 
Disease, or Examining the Fluid Dynamics of 

an InaccE;ssible Hydrodynamic System 

Theoretical Predictions of Electronic Spectra for 
Small Polyatomic ~lolecules Including Vibrational 
Structure and Radiation Lifetime 

Concerns and Activities of the Division of 
Materials Research at the National Science 
Foundation 

Some Aspects of the Indentation Defonnation and 
Fracture Behavior of SiC 

!viol ten Carbonate Fuel Cell Kinetics 

Reflection Spectroscopic Studies of Electrode 
Surfaces 




